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SUMMARY 


The  programme  consisted  of  two  major  parts  - a photoelastic  investigation  into  the 
stress  distribution  and  resulting  stress  concentration  factors  in  a family  of 
simple  bolted  joints,  and  a correlated  series  of  fatigue  tests  on  bolted  metal 
joints  having  the  same  geometrical  form  as  the  photoelastic  ones  using  a commonly 
employed  aluminium  alloy  for  the  plates  and  a steel  in  current  use  for  the  pins. 
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OF  THE  ROYAL  AERONAUTICAL,  SOCIETY 
FATIGUE  COMMITTEE 
STAGE  2 

VOLUME  III  SUMMARY 

An  extensive  programme  of  research  into  the  fatigue  endurance,  and  general 
behaviour  of  single  pin  bolted  joints  has  recently  been  completed,  and  is 
reported  in  VOLUMES  I and  II  of  this  S and  T Memo. 

The  programme  was  first  suggested  by  the  Royal  Aeronautical  Society  and 
the  work  has  been  financed  by  the  Ministry  of  Defence  and  its  predecessors, 
while  the  progress  has  been  monitored  periodically  by  the  Royal  Aeronautical 
Society's  Fatigue  Committee. 

The  main  part  of  this  work  (referred  to  above)  has,  for  convenience,  become 
known  as  'Stage  1',  but  during  the  development  of  the  research  it  became 
obvious  that  information  on  a number  of  associated  aspects  would  be  most 
helpful,  and  since  there  were  sufficient  reserve  test  specimens  to  permit  an 
extension  of  the  test  programme,  a number  of  Supplementary  Investigations 
were  planned  and  agreed,  and  have  now  become  known  collectively,  as  Stage  2. 


VOLUME  III 

S.I.  No, 1 - 

The  effect  on  endurance  of  pre-stressing  the  holes  by 

pressing  an  oversize  hard  steel  ball  through  them  i.e. 

"Ballising". 

S.I.  No. 2 - 

The  effect  of  using  flat-sided  pins  (The  flats  being 
parallel  to  the  direction  of  load). 

S.I.  No. 3 - 

The  effect  of  pre-loading  the  test  specimens. 

S.I.  No. 4 - 

The  effect  of  transmission  of  load  by  clamping. 
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Some  evidence  of  the  influence  on  endurance  of  surface 

finish  and  hole  edge  chamfering  of  loaded  push  fit  pin 
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S.I.  No. 6 - 

VOLUME  IV 

The  influence  of  small  variations  in  pin  fit. 

S.I.  No . 7 

The  effect  on  endurance  of  radiusing  the  edges  of  the 

bolt  holes,  by  press  forming. 

S.I.  No. 8 - 

Stress  corrosion  tests  on  standard  and  non-standard 

specimens. 

S.I.  No. 9 - 

An  extension  to  lower  stress  levels  of  some  of  the 

tests  described  in  Stage  1. 

SUPPLEMENTARY  INVESTIGATION  tio.l 


THE  EFFECT  ON  ENDURANCE  OF  PRE- STRESSING  THE  HOLES  BY  PRESSING  AN  OVERSIZE 
HARD  STEEL  BALL  THROUGH  THEM  i.e.  "BALLISINC" 

J_. INTRODUCTION 

The  majority  of  fatigue  failures  in  the  bolted  joints  of  this  research  have 
their  origins  in  cracks  that  start  at  the  edges  of  bolt  holes  and  thus  it  is 
natural  to  give  consideration  to  the  possibility  of  improving  the  fatigue 
resistance  of  this  region.  An  obvious  method  of  effecting  such  an  improvement 
is  to  create  a small  region  of  compression  around  the  hole  by  locally  cold- 
working the  surface  of  the  hole,  and  a convenient  way  of  doing  this  is  to  force 
an  over-size  steel  ball  through  the  hole. 

A small  programme  of  tests  on  specimens  so  treated  was  therefore  arranged,  the 
specimens  being  prepared  at  Short  Bros,  and  Harland  and  the  fatigue  test  being 
carried  out  by  Department  of  Metallurgy  at  Cambridge  University.  The  loaded 
push  fit  pin  was  chosen  as  the  most  useful  configuration  for  this  research. 

2_. THE  TESTS 

The  form  and  general  characteristics  of  the  specimens  were  the  same  as  for  the 
main  programme  of  the  Stage  1 tests  except  that  only  medium  size  specimens  were 
used . 

Figure  (0)  of  this  report  shows  the  main  features  of  the  specimens  and  is 
extracted  from  Figure  2.2  of  the  main  report  on  Stage  1.  Only  mean  stresses 

of  0.25  ft  and  0.15  ft  were  employed  because  in  the  Stage  1 tests  on 

interference  fit  pins  these  levels  of  mean  stress  showed  the  greatest 
improvement  in  endurances,  relative  to  those  of  push-fit. 

The  same  three  ratios  of  d/D  (pin  diameter  to  width  of  specimen)  were  used 

as  in  Stage  1,  namely  1/4,  3/8  and  1/2  for  which  the  nominal  geometric  stress 
concentration  factors  (i.e.  ignoring  prestressing  of  holes)  are  3.73,  2.72 
and  2.22  respectively. 

A range  of  three  degrees  of  interference  between  the  ball  and  the  pin  hole  was 
investigated,  namely  l°/o,  2°/o  and  4°/o. 

Endurance  curves  for  each  configuration,  loading  and  degree  of  pre-stressing 

were  obtained,  together  with  a control  endurance  curve,  i.e.  no  pre-stressing, 

for  each  value  of  S /f  and  d/D.  To  minimise  errors  of  machine  settings 
m t 6 

the  control  tests  were  carried  out  immediately  after  the  corresponding  tests 
with  the  pre-stressed  holes. 

In  all  cases  three  nominally  identical  specimens  were  tested  for  each  stress 
level,  except  for  the  controls,  when  only  one  specimen  per  stress  level  was 


2 


Three  specimens  of  each  type  for  at  least  two  degrees  of  pre- stressing  were 
manufactured  for  inclusion  in  the  stress  corrosion  tests  covered  by  S.I.  No. 8. 
During  the  pre-stressing  process  no  lubrication  of  the  ball  or  of  the  hole  was 

employed . 

It  should  be  noted  that  in  the  preliminary  tests  for  this  investigation  Cambridge 
University  Staff  had  difficulties  in  achieving  satisfactory  pin  fits,  due  to 
distortion  of  the  holes  and  to  burrs  left  at  the  edges  of  the  holes,  after  the 
ballising  process.  A jig-borer  was  therefore  used  to  improve  the  shape  of  the 
holes  and  the  edges  of  the  holes  were  lightly  filed  and  polished  with  fine  emery 
paper  to  remove  the  burrs.  It  was  arranged  that  for  later  tests  Short  Brothers 
and  Harland  should  ensure  that  the  holes  were  corrected  for  taper  and 
"barrelling"  and  that  the  edges  of  the  holes  were  de-burred  after  the  pre- 
stressing process.  The  recommended  procedure  was  to  remove  the  minimum  amount  of 
material  by  reaming  and  honing,  the  final  hole  surface  finish  to  be  comparable 
with  that  of  the  original  specimens.  Also  any  metal  raised  at  the  edges  of  the 
holes  was  to  be  removed  by  file  and  the  filed  area  hand  polished  flat  to  the 
original  finish. 

3. NOTATION 


For  convenience,  the  relevant  Notation  of  the  Stage  1 Report  is  repeated  below  - 


d 

D 

f 

t 

f 


N 

S 

m 

S 

a 

t 


Nominal  diameter  of  hole  and  pin 

Width  of  parallel  section  of  test  specimen 

Average  Tensile  strength  of  plate  material  (from  tests) 

Average  0.2°/o  Proof  Stress  of  plate  material  (from  tests) 

Geometric  Stress  Concentration  factor  based  on  net  area  of 

cross  section  of  test  specimen 

Endurance 

Mean  Stress  on  net  area 

Alternating  Stress  on  net  area  associated  with  S 

m 

Thickness  of  plate  specimen 


4. RESULTS 


These  are  presented  in  Tables  1 to  9 and  are  plotted  on  Figures  1 to  9;  all 

curves  are  for  logarithm  mean  values  at  each  stress  level.  Each  figure  deals 

with  a particular  value  of  d/D  (1/4,  3/8  or  1/2)  combined  with  a particular 

amount  of  oversize  of  the  ball,  (l°/o,  2°/o  or  4°/o),  and  shows  the  results  for 

both  S /f.  = 0,25  and  0.15. 
m t 

The  control  endurance  curves  are  identifiable  with  a given  value  of  S /f^ 

* m t 

and  d/D. 


As  a matter  of  interest  on  Figures  1.  2 and  3 there  are  also  show:  where 
available  - the  corresponding  "control"  curves  for  the  particular  configuration 
and  mean  stress,  Laken  from  the  Stage  1 tests.  These  are  the  curves  shown 
thus  , and  in  theory  they  should  he  identical  with  the  curves  of  the 


control  tests  rich  were  made  at  the  same  time  as  tiie  pre-stressed  hole  tests. 
The  actual  agreement  is  quite  good  for  d/D  - 1/4  and  3/8,  but  the  Stage  I 
curves  arc  slightly  optimistic  at  both  levels  of  mean  stress  for  d/D  = 1/2. 
This  is  not  surprising  since  there  is  generally  more  scatter  of  all  results 
at  d/D  ---  1/2. 

Having  established  reasonable  agreement  between  the  results  of  these  two  sets 
of  control  tests,  the  results  of  those  tested  currently  with  the  pre-stressed 
hole  tests  will  be  used  in  the  following  analysis. 

Figures  1 to  9 also  show  that  there  is  significantly  more  scatter  of  results 

for  a given  stress  level  at  low  values  of  alternating  stress,  and  in  fact  there 

were  a number  of  unbroken  specimens  at  10  cycles  for  the  S /f  = 0.15  group. 

in  t 

Some  of  the  extreme  scatter  could  have  been  due  to  excessive  "barrelling"  with 
the  4°/o  oversize  ball.  For  these  reasons  some  judgement  was  required  in  order 
to  obtain  reasonable  curves  when  the  endurances  were  high  and/or  the  scatter 
1 a rge . 

_5. ANALYSIS 

Although  it  is  clear  from  Figures  I to  9 that  the  pre-stressed  holes  are 

generally  beneficial,  it  was  thought  that  the  picture  would  become  clearer 

if  the  curves  were  re-plotted  to  show  on  one  graph  all  three  degrees  of 

pre-stressing  for  given  values  of  d/D  and  S /f  . This  form  of  presentation 

m t 

is  shown  on  Figures  10  to  15  inclusive. 

It  is  clear  from  these  figures  that  for  almost  all  combinations  of  d/D  and 

S / f the  optimum  amount  of  pre-stressing  corresponds  to  a 2°/o  or  just  over 
2°/o  oversize  ball,  and  that  in  general  a 4°/o  oversize  ball  is  too  large. 

It  is  possible  that  the  reason  for  this  is  the  excessive  barrelling  which 

occurs  if  the  ball  is  greater  than  say,  2k°/o  to  3°/o. 

In  order  to  present  a numerical  assessment  of  the  improvement  in  endurance 
that  results  from  this  process  the  actual  values  of  the  Endurance  Increase 
Ka t i o , i ,e . 

Endurance  of  Specimen  with  Pre-stressed  Hole 
Endurance  of  Control  Specimen 

have  been  tabulated  for  two  convenient  levels  of  alternating  stress,  one  high 
and  one  low  - see  Fable  10. 


lu  thermore,  in  urdti  Lo  give  a more-  graphical  presentation,  these  ratios  lor 
iat!ier  logarithms  of  these  ratios,  for  obvious  convenience)  have  been  plotted  on 
figures  h , I'  and  I for  d/I)  l/-t,  i/ft  and  1/2  respectively. 

CONCLUSIONS 

(i)  The  use  of  an  oversize  hall  pressed  through  the  pin  hole  will  give 

an  increase  in  the  endurance  of  a )oint  having  a loaded  push  fit 

pin.  for  a range  of  l°/o  to  4°/o  oversize.  However,  for  almost 

all  the  combinations  of  d/1),  S / f and  S /f  tested,  the 

m t at 

maximum  endurance  increase  ratio  is  obtained  by  the  use  of  a 2 /o 
to  2k°/o  oversize  ball. 

The  results  that  show  exceptions  to  this  are  as  follows,  but  in 
view  of  the  comparatively  small  number  of  specimens  tested,  these 
exceptions  should  be  viewed  with  caution. 

(a)  At  S /f.  = 0.25 

nft— t 

For  high  d/D  (1/2)  and  low  S^/f^  (0.08)  the  maximum  endurance 
increase  ratio  occurs  for  a l°/o  oversize  ball,  rather  than  for 
2° / o or  2h° / o (see  Figure  18). 

( b)  At  S / f . - 0.15 

m — t 

For  d/D  = 1/4  and  5/8  and  at  high  S / f,  (0.15)  the  improvement 
in  endurance  continues  up  to  a 4°/o  oversize  ball  (see  Figures  16 
and  17). 

It  should  be  noted  that  there  were  a number  of  unbroken  specimens 

associated  with  the  exception  at  S /f  = 0.25  and  low  S / f.  and 

m t at 

therefore  it  is  difficult  to  be  precise  when  estimating  endurance 
increase  ratios  (see  Figure  4), 

For  the  two  exceptions  at  S^/f  = 0.15  it  would  appear  that 
some  of  the  2°/o  oversize  ball  results  are  unusually  low, 
particularly  at  S /f^  = 0.10  for  d/l)  = 1/4  (see  Figure  4)  and 
at  S / f t = 0,125  for  d/I)  = 3/8  (see  Figure  .5).  These  2°/o, 

S /ft  = 0.15  curves  would  have  been  significantly  steeper  and 
further  to  the  right  at  their  upper  ends  if  the  particular 
results  had  been  more  in  keeping  with  the  remainder  of  the  results, 
and  in  consequence  the  maximum  improvement  would  again  occur 
nearer  to  a 2°/o  oversize  ball. 


t r 


i 
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(ii)  Choosing  the  maximum  increase  in  endurance  as  noted  above, 
from  Figures  1 0 to  lb  and  converting  the  log-ratios  back  to 

normal  ratios  leads  to  Table  II  "Maximum  Endurance  Increase  Ratios". 

All  these  maxima  occur  at  2°/o  to  2b°/o  oversize  ball  except  as 
stated  in  conclusion  (i)  above,  and  for  these  exceptions  the 
maximum  value  occurring  has  been  quoted  regardless  of  ball  size,  on 
the  assumption  that  if  a much  larger  population  of  results  were 
available  the  "exceptions"  would  not  arise. 

(iii)  Finally,  notwithstanding  the  detail  figures  give  in  Table  II  a 
simplified  but  conservative  range  of  endurance  increase  ratios 
would  be  as  follows: 


Endurance  Increase  Ratio 

d/D 

1/4 

3/8 

1/2 

High  Sjft 

1.5  to  2.0 

1.5  to  3.5 

2.5  to  25 

Low  S /f. 

a t 

5 

35  to  70 

35  to  70 

In  each  range  the  lower  figure  corresponds  approximately  to 

S /f^  = 0.25  and  the  higher  figure  approximately  to 

S /f  = 0.15. 
m t 
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SUPPLEMENTARY  INVESTIGATION  No.l  i 

lAUl.l-  I PRF.-STUF.SSED  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  1 I 

l"/t.  OVER  SIZE  BAH 

Specimen  Type  2B  'i / 1 fc>  d/D  = 1/4  Nominal  Kj  = 3.73+ 

Tested  at  Cambridge  University 


resting  Machine,  b Ton  Losenhausen,  Speed  1500  c.p.m. 


Spec imen 
Identifi- 
ca  tion 

Numbe  r 

Stress  Levels 
(°/o  Ultimate) 

Cycles 

to 

Fai lure 

Logarithm 
Cycles  to 
Fail ure 

Geometric 

Mean 

Cyc Ies 

c 

wm 

+s 

— a 

23.  lb. A 

11  810 

4.073 

23.16.0 

25 

22'. 

10  650 

4.02  7 

10  550 

23.  1 B 

6 210 

3.964 

2b.  10. A 

7 710 

3.886 

control 

23.18.C 

28  700 

23. IB. A 

25 

15 

2 7 730 

KS39 

25  460 

23. 1.7.  C 

19  960 

2b . 10. C 

32  220 

naa 

control 

24. 3. B 

137  180 

5.137 

23.18.E 

25 

10 

114  650 

5.060 

105  660 

23. 18. D 

65  160 

4.815 

2b.  1 l.A 

54  350 

4.735 

control 

24. 1 3.  B 

502  200 

5.702 

24.8.6 

25 

7*> 

419  540 

5.622 

386  440 

24. 7. B 

237  590 

5.375 

26.11.B 

121  620 

5.083 

control 

24. 15. A 

211  600 

5.325 

24. 14. A 

15 

12'. 

148  330 

5.171 

144  870 

24. 14. B 

74  690 

4.872 

26.1  l.E 

59  510 

4,  775 

control 

n 

• 

£ 

• 

> 

270  950 

5.433 

24. 17. A 

15 

10 

111  710 

5.046 

156  100 

24.16.B 

85  650 

4.932 

2d.  12  .C 

182  320 

5.260 

control 

24. 18. A 

6 849  000 

6.835 

24. 17, B 

15 

7*5 

386  560 

5.587 

2 505  360 

24.17.C 

280  520 

5.449 

26.12.D 

108  830 

5.035 

control 

24. 19. B 

10  531  000U 

7,02 1U 

24, 1 .D 

9 295  000 

6.96  7 

>18  425  670 

24. 2. E 

15 

5 

5 451  000 

6.736 

26.12.E 

656  680 

5.815 

control 

U Unbroken 

+ i.e,  before  ballising 


SUPPLEMENTARY  INVESTIGATION  No.l 


TABLE  2 PRE-STRESSED  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  2 

l°/o  OVERSIZE  BALL 

Specimen  Type  20  15/32  d/0  = 3/8  nominal  = 2.72+ 

Tested  at  Cambridge  University 


Testing  Machine,  6 Ton  Losenhausen,  Speed  1500  c.p.m. 


Specimen 

Stress 

Cycles 

Geometric 

Iden  ti f i- 

( /o  Ultimate) 

to 

Mean 

cation 

Number 

S 

m 

+s 

— a 

Failure 

Cycles 

7.17.C 

18  200 

4.260 

7.17.D 

25 

22-b 

15  560 

4.191 

15  730 

7.17.E 

13  440 

4.130 

9.19.E 

26  4 70 

4.420 

control 

7.18.B 

27  930 

7.18.C 

25 

15 

25  940 

25  280 

7. 16. A 

21  970 

■ 

control 

9. 20.  A 

41  2 30 

7.18.D 

89  890 

4.954 

7.18.E 

25 

10 

84  020 

4.924 

82  610 

7. 19. A 

73  920 

4.868 

9.20.B 

117  520 

5.070 

control 

7.19.D 

2 266  410 

6.355 

7.19.C 

25 

7 b 

417  300 

5.620 

931  430 

7.19.B 

110  580 

5.041 

9.20.C 

190  340 

5.280 

control 

7. 20. A 

101  600* 

5.004 

7.20.B 

7.19.E 

17%** 

12b* 

76  900* 

72  130* 

4.885 

4.860 

83  000* 

9.20.D 

97  810* 

4.990 

control* 

7.20.C 

98  220* 

4.993 

9. 11. A 

l 7*5** 

10 

85  860* 

4.933 

84  800* 

7.20.D 

81  320* 

4.910 

, K 

9.17.E 

103  070 

5.012 

control 

9.11.  C 

11  984  640U 

7.078U 

9.11.D 

15 

7b 

10  586  2 70U 

7.024U . 

>7  605  400 

9.U.B 

254  240 

5.405 

13. 2. E 

239  640 

5.112 

control 

9.12.B 

12  755  000U 

7.105U 

9. 12. A 

15 

5 

10  346  000 

7.014 

>7  895  6 70 

9.11.E 

586  000 

5.767 

13. 3. B 

721  860 

5.860 



control 

U Unbroken 

k Mean  stress  inadvertently  set  at  17b°/o  ultimate  instead 
of  15°/o,  but  as  first  approximation  endurances  marked  k 
have  been  corrected  by  multiplying  by  17,5/15.0  = 1,17 
when  plotting  on  Figure  2, 

+ i.e,  before  ballising 


I'l  l : Ml  l AK'i  INVESTIGATION  No.l 


''ABLE  S PRE-STRESSED  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  3 

l°/o  UV’FKSI/.F  BALL 

Specimen  Type  2D  5/8  d / 1)  - 1/2  Nominal  Kj  = 2.22  + 

Tester!  at  Cambridge  University 


Testing  Machine,  n Ton  losenhausen,  Speed  1500  c.p.m. 


Spec imen 
Identifi- 
cation 

Numbe  r 

Stress  1. eve  is 
(°/o  Ultimate) 

Cyc  les 
to 

Fai lure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 
Cycles 

s 

m 

+s 

— a 

6.5.D 

29  830 

mm 9 

6.5.B 

2 5 

22  L 

29  500 

2 7 590 

b . 5.C 

2 3 440 

Rtf&l 

6.1.  A 

19  200 

wBnm 

control 

78  250 

4.894 

25 

15 

6 7 700 

4.830 

65  160 

i ■ 

49  540 

4.695 

wmm 

44  790 

4.650 

control 

6 , 6 . D 

3 189  000 

6.503 

6 . 7. A 

25 

10 

1 064  300 

6.027 

1722  500 

6 . 6 . F 

914  190 

5.960 

6 , 1 ,C 

100  450 

5.002 

control 

WE&mm 

10  568  000U 

7.023U 

25 

7 l 

/ 

10  553  550U 

7.021U 

>8  629  100 

kssh 

4 765  000 

6.677 

wBSm 

243  120 

5.385 

control 

6. 7.E 

12  586  000 

ninn 

6. 8. A 

15 

12b 

355  150 

5.550 

4 383  650 

6.8.B 

209  790 

5.321 

6.2.B 

197  9 00 

5.296 

control 

6.8.C 

9 921  890 

6,996 

6.9.B 

15 

10 

3 474  690 

6.541 

4 564  000 

6. 9. A 

295  440 

5,470 

6.2.C 

183  190 

5.262 

control 

6.9.F. 

14  832  000U 

7.170U 

■ I 

6.9.D 

15 

7b 

11  273  000U 

7.053U 

■ 

6.9.C 

10  596  000U 

7.025U 

6.2,0 

407  290 

5.610 

U Unbroken 

+ i.e.  before  ballising 
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SUPPLEMENTARY  INVESTIGATION  No.l  j 

TABLE  ^ PRE-STRESSEl)  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  4 { 

1°/ o OVER  SI  /.E  BALI 

Specimen  Type  2B  'j / l i j d/I)  = 1/4  Nominal  K|  = 3.73 
Tested  at  Cambridge  University 


Testing  Machine,  t>  Ton  l.osenhausen , Speed  1500  c.p.m. 


Spec imen 

I den  t i f i - 
cat  ion 

N umbe  r 

Cycles 

to 

Failu  e 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

15.1.1 

19. 10. F 

19. 4. F 

25 

22b 

14  810 

13  650 

11  900 

u 

13  450 

27.16. F 

19. 18. F 

20. 16.  F 

25 

D 

34  190 

28  980 

26  960 

4.533 

4.460 

4.430 

30  040 

20, 18 , F 

22. 5. F 
22.4. F 

25 

10 

130  110 

92  540 

77  610 

5.115 

4.965 

4.890 

100  090 

22. 9. F 
23.1B.F 

22. 6.  F 

25 

7b 

2 158  790 
306  750 
213  950 

6.335 

5.485 

5.329 

893  160 

15 

12 

219  100 
145  040 

84  210 

5.  340 

5. 160 
4.925 

149  450 

24. 17,  F 

25.17. F 

26 , 10. F 

15 

10 

280  210 
173  920 

141  710 

5.448 

5.240 

5.150 

198  620 

26. 14.  F 

26. 15.  F 
27.14.F 

15 

7b 

10  550  OOOU 
10  522  OOOU 
409  120 

7.0221! 

7.020U 

5.611 

>7  160  370 

27. 16. F 
27.15.F 

15 

5 

11  178  OOOU 

10  588  OOOU 

7.049U 

7.023U 

>10  883  000 

U Unbroken 

+ i.e.  before  ballising 


TABLE  5 PRE-STRESSEl)  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  5 

2b/o  OVERSIZE  BALL**" 

Specimen  Type  21)  15/32  d/D  = 3/8  Nominal  Kj  = 2.72  + 

Tested  at  Cambridge  University 


Test  in 

K Machine,  6 Ton  Losenhausen , Speed  1500  c.p.m. 

Specimen 

Identifi- 

cation 

Number 

nsni 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cyc les 

s 

m 

+ S 

— a 

14.20.G 

14.16.G 

14, 19 , F 

25 

22b 

47  OOO 

36  680 

33  630 

4.6  72 
4.564 
4.526 

39  100 

15. 2.  E 

15.1. C 

15. 2.  D 

25 

15 

73  750 

70  6 30 

58  190 

4.866 

4.848 

4.765 

67  520 

14. 2. E 

13. 6. G 

25 

10 

12  670  OOOU 
297  690 

7.135U 

5,472 

>6  483  840 

14. 8. G 

14. 3. D 
12.19.C 

25 

7b 

10  585  OOOU 

7 190  730 
454  130 

7.022U 

6.855 

5.656 

>6  076  620 

14. 12, C 
14.U.G 

15 

12b 

681  500 
190  440 

5.834 

5.278 

435  970 

14. 14.  G 

14. 14.  D 
14.13.B 

15 

10 

10  825  OOOU 
10  601  OOOU 
10  546  OOOU 

7.035U 

7.025U 

7.0221J 

>10  657  330 

U Unbroken 

+ l.e.  before  ballising 
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I ABLE  b 


SUPPLEMENTARY  INVL.STIGATION  No.l 
PRE-STRESSED  HOLE  LOADED  PUSH  FIT  PIN 


PRE-STRESSED  MOLE  LOADED  PUSH  FIT 
2°/u  OVEKSI/E  BAI  I 
Specimen  Type  2D  5/S  d/D  = 1/2 
Tested  at  Cambridge  University 
Testing  Machine,  6 Ton  I osenhausen 


Stress  Leve 1 s 
(°/o  Ultimate) 


S 


Specimen 
Ident  i f i - 
cation 
Numbe  r 


Reference  Figure 


Nominal 


Kj  = 2.22 


Cyc les 
to 

Failure 

58 

550 

41 

700 

33 

000 

125 

970 

114 

930 

98 

820 

10 

342 

OOOU 

336 

450 

175 

520 

12 

452 

OOOU 

12 

036 

OOOU 

608 

820 

10 

rrf 

840U 

10 

611 

8 SOU 

3 

148 

410 

Speed  1500  c.p.m. 


Logar i thm 
Cycles  to 
Failure 


I 


. 76  7 
.620 
.518 


5.097 

5.056 

4.994 


7.015U 

5.526 

5.243 


7.095U 
7 ,08011 
5.784 


7. 03011 
7.026U 
6.497 


7.023U 

7.022U 

7.021U 


Ge  ome  t r 

ic 

Mean 

Cycle 

s 

44 

o 

CS| 

<r 

113 

240 

>3 

617 

990 

>8 

365 

610 

>8 

162 

710 

>10 

570 

OOO 

PRE- STRESSED  HOLE  LOADED  PUSH  FIT  PIN 
4°/o  OVERSIZE  BALL 

Specimen  Type  2B  5/16  d/D  = 1/4  Nominal 
Tested  at  Cambridge  University 

Testing  Machine,  6 Ton  l.osenhausen,  Speed  1500  c j 


Reference  Figure 


K[  = 3.73 


Specimen 

Identifi- 

cation 

Number 


25. 

4.C 

25. 

4 . B 

25. 

6.C 

25. 

8 , B 

25. 

9.B 

25. 

9.D 

25. 

10.E 

25. 

11. C 

25. 

11. D 

25. 

12. A 

25. 

12. C 

25. 

12. E 

25. 

13. B 

25. 

12. D 

25. 

13. E 

25. 

13.  C 

25. 

13.  D 

26. 

12. D 

25. 

14. E 

26. 

3.C 

26. 

5.  E 

26. 

4.B 

26. 

3.D 

+ 

i.e. 

Cycles 

to 

Failure 


Logarithm 
Cycles  to 
Failure 


10  480 
10  280 
9 420 


2 7 460 
19  130 
18  800 


4.020 

4.012 

3.973 


145  660 
135  220 
130  440 


788  970 
158  900 
116  490 


4 001  170 
655  550 
498  070 


4 921  800 
4 460  000 
3 592  250 


62 
30 
5.115 


6.691 

6.650 

6.555 


Geome  trie 

Mean 

Cyc  le 

s 

10 

060 

21 

800 

66 

380 

159 

790 

137 

110 

354 

790 

1 718 

260 

4 324 

680 

l.e.  before  ballising 
unbroken 


SUPPLEMENTARY  INVESTIGATION  No.l 
TABLE  * PRE- STRESSED  HOLE  LOADED  PUSH  FIT  PIN  Re 

4° / o OVERSIZE  BALL 
Specimen  Type  2D  15/32  d/D  = 3/8  Nominal  KT  = 2.72’ 
Tested  at  Cambridge  University 

Testing  Machine,  6 Ton  Losenhausen,  Speed  1500  c.p.m. 


Reference  Figure  8 


Specimen 

Identifi- 

cation 

Number 


9. 14.  D 

9.14. E 

9 . 14.  B 


9. 15.  B 

9. 15.  A 

9 . 15.  C 


9.15. D 

9. 16.  A 
9.15.E 


9.16. D 

9.16. B 

9.16. C 


9.17. B 

9. 17.  A 
9.16.E 


9.17. D 

9.17. C 

9. 18.  A 


9.18. B 

9.18. D 

9.18. C 


S 

m 

+s 

— a 

25 

22^ 

25 

15 

25 

10 

25 

15 

12^ 

15 

10 

15 

7h 

Cyc  les 

to 

Failu ■ 

e 

39 

250 

38 

470 

26 

030 

71 

830 

61 

190 

40 

490 

1 

133 

080 

255 

480 

122 

470 

3 

003 

360 

1 

203 

740 

301 

820 

1 

129 

590 

499 

920 

377 

600 

10 

611 

OOOU 

662 

500 

502 

230 

12 

690 

OOOU 

10 

643 

OOOU 

10 

544 

OOOU 

Logarithm 
Cycles  to 
Failure 


4.855 

4.787 

4.605 


6.054 

5.408 

5.088 


6. 

6. 

5. 


6.051 

5.697 

5.575 


7.025U 

5.820 

5.701 


7.104U 
7.02  7U 
7.022U 


Geometric 
Me  an 
Cycles 


34  580 


57  840 


503  680 


1 502  970 


669  040 


>3  925  240 


11  292  330 


unbroken 

i.e.  before  ballising 
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I ABLE  0 PRF-STRESSED  HOLE  LOADED  PUSH  FIT  PIN  Reference  Figure  9 

4°/o  OVERSIZE  BALI, 

Specimen  Type  2D  5/8  d/D  = 1/2  Nominal  K|  = 2.22  + 

Tested  at  Cambridge  University 


Testing  Machine,  6 Ton  Losenhausen,  Speed  1500  c.p.m. 


Spec imen 
Identi fl- 
oat ion 

N umbe  r 

Stress  Levels 
(°/o  Ultimate) 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

25 

2 2 / 

28  180 

22  810 

17  850 

HI 

22  950 

3.6.C 

5 7 040 

mm 

3. 5. A 

25 

15 

56  850 

53  930 

3. 7. A 

47  890 

ini 

3.8.D 

5.316 

3. 9. A 

25 

5.096 

149  070 

3.7.D 

5.060 

3. 10. A 

7 587  000 

6.880 

3.9.D 

25 

ih 

4 399  000 

6.642 

4 301  270 

3.9.B 

917  810 

5.962 

3.I0.B 

739  440 

5.868 

3.U.D 

15 

I2h 

216  370 

5.335 

371  840 

3. 12. A 

159  710 

5.202 

3.12.B 

1 326  290 

6.121 

3. 13. A 

15 

10 

314  620 

5.496 

620  450 

3.12.D 

220  430 

5.343 

3. 15. E 

12  699  OOOU 

7.104U 

3. 14. C 

15 

7 h 

10  563  490U 

7.024U 

>9  247  500 

3. 15. B 

4 480  000 

6.650 

3. 20. A 

14  845  OOOU 

7.171U 

3.19.E 

15 

5 

14  508  OOOU 

7.161U 

>13  182  230 

3.17.B 

10  193  690U 

7.007U 

U unbroken 


+ i.e.  before  ballising 


TABLE  10  ENDURANCE  INCREASE  RATIOS  FOR  FULL  RANGE  OF  TESTS 


ENDURANCE  INCREASE  RATIO  = 


ENDURANCE  OF  SPECIMEN  WITH  PRE-STRESSED  HOLE 
ENDURANCE  OF  CONTROL  SPECIMEN 


I 

> 

| 


I 

1 


(a)  d/D  = 1/4  (Nominal  K'  = 3.73) 


sm/f, 

m t 

0.25 

0.15 

S /f 

a t 

0.20 

0.08 

0.15 

0.08 

Increase  Ratios:- 

l°/o  Control 

1.35 

2,66 

1.18 

3.66 

2°/o  Control 

1.75 

4.95 

1.08 

4.88 

9°/o  Control 

1.25 

1.38 

1.94 

4.45 

TABLE  10  (Cont.) 
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(b)  d/D  = 3/8  (Nominal 


s /f 

m t 

o, 

.25 

0. 

15 

S /f> 
a t 

0.20 

0.08 

0.15 

0.08 

Increase  Ratios 


1 /o  Control 


2°/o  Control 


4 /o  Control 


0.60 

1.26 

0.70 

1.77 

1.58 

59.0 

1.11 

>500 

1.34 

8.80 

3.70 

94.0 

(c)  d/D  = L/2  (Nominal 


S/f, 

m t 

0. 

25 

0. 

15 

s /f, 
a t 

0.20 

0.08 

0.15 

0.08 

Increase  Ratios 


l°/o  Control 


2°/o  Control 


4 /o  Control 


18.6 


4.20 


TABLE  11  MAXIMUM  ENDURANCE  INCREASF  RATIOS 

(Generally  for  2°/o  co  2.5°/o  OVERSIZE  BALL) 


d/D  1/4 


f>v^j  0.25  0.15  0.25  0.15  0.25  0,15 


0,20  1,80 


0.15 


0.08  I 4.90  | 5 . 25| 60,0  |500  | 37.0  I 71.0 


^6  (p) 
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A number  of  investigators  have  experimented  with  the  use  of  bolts  or  pins 
manufactured  with  flats  on  both  sides  of  the  bolt,  and  positioned  so  that  the 
flats  were  assembled  parallel  to  the  direction  of  the  applied  load.  The 
objective  of  such  a device  is  to  remove  the  possibility  of  fretting  occurring 
at  the  region  of  maximum  stress  concentration,  namely  at  or  near  the  extremities 
of  the  transverse  diameter  of  the  bolt  hole.  Fretting  may  still  occur  near  the 
edges  of  the  flats,  but  the  associated  stress  in  these  regions  will  be  lower 

than  the  maximum  stress.  Thus  the  formation  of  cracks  in  the  specimen  should  be 

delayed . 

A small  programme  of  tests  was  therefore  arranged. 

2 . NOTATION  (Units  are  in  lb  and  inches  throughout) 

For  convenience  the  relevant  Notation  from  the  Stage  1 report  is  repeated  below  - 

d = Nominal  diameter  of  hole  and  pin 

D = Width  of  parallel  section  of  test  specimen 

f^  = Average  Tensile  Strength  of  plate  material  (from  tests) 

fp  = Average  0.2°/o  Proof  Stress  of  plate  material  (from  tests) 

K'  = Geometric  Stress  Concentration  factor  based  on  net  area  of 

cross  section  of  test  specimen 

N = Endurance 

S = Mean  Stress  on  net  area 

m 

S = Alternating  Stress  on  net  area  associated  with  S 

a m 

t = Thickness  of  plate  specimen 


SUPPLEMENTARY  INVESTIGATION  No. 2 

THE  EFFECT  OF  USING  FLAT-SIDED  PINS  (THE  FLATS  BEING  PARALLEL  TO  THE 
DIRECTION  OF  LOAD! 

1. INTRODUCTION 
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J_. TEST  PROGRAMME  AND  STRESS  LEVELS 

All  the  tests  were  carried  out  by  Short  Brothers  and  Mar  land  Ltd  using  a , 

20  Ton  Avery-Schenck  fatigue  testing  machine  operating  at  2000  c.p.m.  All  the 
plate  specimens  and  pins  were  taken  from  stock  remaining  from  Stage  1 of  this 
research. 

Only  the  large  size  specimens  were  tested  because  these  were  considered  to  be 
more  likely  to  demonstrate  any  advantages  than  either  the  small  or  medium  size. 

Both  push  fit  and  interference  fit  pins  were  included.  Stage  1 had  shown  that  for 
d/D  = 1/4  there  was  but  a small  difference  between  endurances  for  a push  fit  and 
an  interference  fit  pin,  possibly  because  of  the  high  stress  concentration  factor 
associated  with  d/D  = 1/4.  Therefore  only  specimens  with  d/D  = 3/8  and  1/4 
were  tested. 


All  specimens  were  to  the  type  "D",  i.e.  of  parallel  width  with  a single  pin  at 
one  end  and  with  all  the  load  transmitted  by  the  pin. 


In  regard  to  the  extent  of  the  flats  on  the  pins,  one  other  investigator 
(Reference  2)  had  found  that  a subtended  angle  of  at  least  _+40°  from  the 
transverse  diameter  was  necessary  in  order  to  achieve. a significant  effect.  For 
this  supplementary  investigation  +45°  was  chosen,  and  retaining  clips  were  used 
to  prevent  rotation  of  the  bolts  from  their  chosen  position . 


It  was  clear  that  the  maximum  benefit  (if  any)  from  the  use  of  flat-sided  bolts 
would  be  obtained  at  low  values  of  mean  and  alternating  stresses  since  such 


conditions  of  loading  were  more  likely  to 
stress  levels  chosen  for  these  tests  were 

S = 0.25  ft  and  0.15  ft 

m L L 

Sa  = 0,225  fj.  down  to  0,05  f^ 

and  0.14  ft  down  to  0.05  ft 

Table  1 gives  particulars  of  the  range  of 

Figure  1 gives  details  of  the  geometry  of 

4. RESULTS 


produce  fretting.  Consequently  the 

for  S = 0,25  ft 

for  S =0.15  ft 
m 

tests. 

the  specimens  and  the  materials  used. 


Tables  2 and  3 give  the  endurances  for  push  fit  pins  (with  flat  sides)  for 
d/D  = 3/8  and  1/2  respectively.  Tables  4 and  5 give  similar  results  for 
0.4°/o  interference  fit  pins  (with  flat  sides).  Table  6 gives  endurances  for 
some  round  pins  with  a push  fit,  tested  as  controls  at  the  time  of  testing  the 
flat  sided  pins.  Although  these  were  a little  lower  than  the  corresponding 
Stage  1 endurances,  they  were  not  seriously  so,  and  therefore  the  relevant 


t 
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Stage  1 endurance  curves  for  round  pins  have  been  used  for  all  comparisons  when 
assessing  the  merits  of  the  flat  sided  pins,  rather  than  repeating  the  full 
range  of  Stage  1 tests.  The  appropriate  references  to  the  Stage  1 endurance 
curves  are  given  on  each  of  the  figures  presenting  the  endurances  of  the  current 
test  specimens. 

Thus  Figure  2 presents  endurance  curves  for  specimens  to  type  1D3/4  (d/D  = 3/8) 
with  flat  sided  pins  to  push  fit  standard  for  mean  stresses  of  0,25  ft  and 
0.15  ft . In  addition  Figure  2 shows  the  Stage  1 endurance  curves  for  the  same 
configuration  but  with  round  pins,  and  for  the  same  two  values  of  mean  stress, 
together  with  the  few  control  test  results  obtained  concurrently  with  the  present 
tests. 

Figure  3 shows  similar  data  for  push  fit  pins  with  flat  sides,  but  for  specimens 
to  type  L.D.I  (d/D  = 1/2),  In  this  instance  there  was  no  comparative  endurance 
curve  for  the  large  size  of  specimen  in  Stage  1 and  so  the  medium  size  endurances 
have  been  plotted  and  "corrected"  by  a factor  of  1/1,7  on  endurances,  assessed 
from  Stage  1,  Figure  4,46  to  give  an  approximate  estimate  for  endurances  of 
large  size  specimens. 

Figures  4 and  5 give  corresponding  data,  but  for  pins  with  0,4°/o  interference 

fit  instead  of  push  fit,  but  no  comparisons  were  possible  for  S /f  = 0.15 

m t 

because  of  the  limited  amount  of  data  from  Stsge  1, 

Finally  in  order  to  supplement  the  information  in  the  tables  and  figures  noted 
above,  a selected  number  of  specimens  was  examined  in  detail  for  nature  of 
failure,  with  special  reference  to  fretting  and  tne  origins  of  cracks.  The 
information  is  presented  on  Table  7 for  push  fit  pins  and  on  Table  8 for 
interference  fit  pins.  Moreover  Tables  2 tc  5 are  annotated  with  respect  to 
the  degree  of  fretting  in  accordance  with  the  data  on  Tables  7 and  8. 

_5_. DISCUSSION  OF  RESULTS 

5 . 1 Push  Fit  Pins  (Tables  and  Figures  2 and  3 and  Table  7) 

For  both  values  of  d/D  (3/8  and  1/2)  there  was  more  scatter  of  results  at  the 

lower  values  of  S / f than  at  the  higher  values.  Also  the  scatter  at  low 

a t 

vaLues  of  S^/f^  was  a little  more  than  that  for  round  pins.  The  endurances 

for  pins  with  flat  sides  were  generally  greater  than  those  for  the 

corresponding  tests  with  conventional  round  pins,  at  the  lower  values  of 

S /f  approximately  below  S /f  = 0,075  for  d/D  = 3/8  and  below 
at  a t 

Sa/ft  = 0.125  for  d/D  = 1/2.  The  extent  of  the  gain  ranged  from  the  order 
of  5 to  20  times,  the  factor  increasing  with  decrease  of  S^/f^  At  values  of 
S^/fj.  above  these  levels  there  was  little  significant  improvement  for  the  use 


36 


I 

t 


of  flat  sided  pins.  The  influence  of  d/D  on  the  results  was  not  large,  but  in 
favour  of  the  higher  value.  In  regard  to  the  nature  of  the  failures  (see  Table  7)  , 
appreciable  fretting  occurred  only  on  two  of  the  twelve  specimens  examined  and 
this  was  for  specimens  tested  at  almost  the  lowest  stress  levels,  and  with  the 
higher  value  of  d/D  (lower  S.C.F.).  The  fretting  was  entirely  between  the  pin 
and  the  hole  on  the  loaded  region,  and  the  crack  origins  generally  near  the 
corners  of  the  flats,  again  on  the  loaded  region  of  the  hole. 

5 . 2 0.4°/o  Interference  Fit  Pins  (Tables  and  Figures  4 and  5 and  Table  8) 

For  this  configuration  the  evidence  shows  that  the  flat  sided  pin  has  no 
advantage  over  the  round  pin,  in  fact  in  almost  every  comparison  available  the 
flat  sided  pin  leads  to  endurances  which  are  lower  than  those  for  the 
corresponding  round  pin.  It  would  appear  that  the  usual  advantages  accruing 
from  the  presence  of  an  interference  fit  pin  become  nullified  or  reversed  due  to 
the  presence  of  the  flats  on  the  pin,  and  a review  of  Table  8 shows  that  severe, 
or  at  least  appreciable  fretting  occurred  at  or  near  the  corners  of  the  fiats  on 
the  majority  of  the  specimens  examined,  and  almost  invariably  on  the  unloaded 
region  of  the  hole.  Crack  origins  were  largely  near  the  ends  of  a transverse 
diameter  but  some  did  occur  near  the  corners  of  the  flats. 

5,  3 Comparison  v;ith  Other  Research  Investigators 

5.3.1  J.  Schiive,  D,  Brock  and  F.A,  Jacobs  (Reference  i) 

Here  the  Authors  were  investigating  several  forms  of  lug  type  specimens, 
including  those  incorporating  pins  with  flats.  These  particular  specimens  were 
approximately  the  same  size  as  the  medium  specimens  of  the  Bolted  Joint  Fatigue 
Research,  but  in  the  American  Aluminium  Alloy  Material  7075  T6.  The  plates  were 
5 mm  (0.20  in)  thick  and  the  pins  were  10  mm  (0.40  in)  diameter;  d/D  was  0.33, 
and  the  pins  were  a push  fit,  slightly  closer  than  those  for  the  Bolted  Joint 
Fatigue  Research. 

S / f . was  0.27  and  the  resulting  endurance  curves  (with  and  without  flats  - 
m t 

Figure  12  of  Reference  1)  were  reasonably  similar  to  those  given  on  Figure  2 of 

this  report  for  S /f  = 0,25  but  included  a "cross  over"  from  beneficial  to 
m t 

otherwise  at  S / f = 0,15  instead  of  equal  endurances  at  S /f  = 0.085  on 
at  m t 

Figure  2.  The  agreement  can  be  said  to  be  good,  remembering  scatter,  and  the 
slightly  different  material, 

5.3.2  D,J,  White  (Reference  2) 

In  this  investigation  the  tests  were  made  in  a different  material  namely 
Specification  F.V.520B  (l4°/o  Cr,  5°/o  Ni;  ferritic  stainless  steel)  average 
f t = 150  000  lbs/in^.  The  plates  were  0.5  in  thick  4.25  in  wide  and  the 
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pins  made  of  Fn  25  steel  and  2 in  diameter.  Thus  d/D  = 0.48.  Clearance 

between  the  pin  and  the  hole  was  0.0004  in  thus  giving  a push  fit  of  a similar 

order  to  those  of  the  Bolted  Joint  Fatigue  Research.  Varying  degrees  of  flat 

were  tested  and  shewed  that  the  best  form  was  with  a subtended  angle  of  +40° 

(ef . +4 5 °o f Bolted  Joint  Fatigue  Research).  The  mean  stress  for  these  tests 

was  15  tons/in“  giving  S /f  = 0.225. 

m t 

The  tests  can  therefore  be  compared  with  those  represented  on  Figure  3 (push 
fit,  d/D  = 1/2)  of  the  present  report.  Insufficient  data  are  given  in 
Reference  3 to  draw  an  accurate  endurance  curve  for  the  joints  containing  pins 
with  flats  but  at  the  fatigue  endurance  of  30  x 10  cycles  the  fatigue 

strength  retro,  l.e.  I at  igur  , t reng Lh  with  tl.t, 

6 fatigue  strength  with  round  pin 

Table  1,  Figure  b and  Figure  2 of  Reference  2),  From  Figure  3 of  the  present 

tests,  at  S / f = 0.25  and  an  endurance  of  30  x 10*’  the  fatigue  strength  ratio 
m t 

is  5. 5/2. 5 = 2.2  which  gives  a fair  comparison. 

N.B,  No  comparative  data  for  interference  fit  pins  are  available. 

6.  CONCLUSIONS 


6.1 


Push  Fit  Pins 


The  use  of  pins  with  flat  sides  arranged  so  that  they  are  parallel  to  the 
direction  of  applied  load  can  be  beneficial  in  terms  of  endurance,  for  push 
fit  pins  with  .the  pin  loaded,  when  the  stress  levels  are  comparatively  low; 
i.e.  alternating  stresses  not  greater  than  the  order  of  0.075  ft  and  0.125  ft 
The  improvement  in  endurance  increases  as  the  alternating  stress  decreases, 
ranging  from  the  order  of  5 to  20  times  the  endurance  for  joints  with  round 
pins.  For  higher  values  of  alternating  stress  there  was  little  or  no 
improvement  in  endurance  for  the  use  of  flat  sided  pins,  in  fact  in  some  cases 
there  was  a reduction  in  endurance. 

The  present  series  of  tests  covered  only  mean  stresses  of  0.15  ft  and  0.25  f^ . 
It  is  not  certain  that  the  improvement  would  be  fully  maintained  under  the 
application  of  higher  mean  stresses. 

From  the  results  of  a detailed  examination  of  the  nature  of  the  failures  of  a 
representative  number  of  these  specimens  it  is  clear  that  the  presence  of  the 
flats  restricts  the  fretting  to  regions  where  the  stress  is  lower  than  the 
maximum  and  thus  delays  the  onset  of  cracking. 

It  should  be  noted  that  it  is  of  paramount  importance  that  the  flats  are 
assembled  and  maintained  in  a direction  parallel  to  the  direction  of  the 
applied  load,  and  that  the  edges  of  the  flats  should  be  radiused. 


I 
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, 2 U,-k°/o  Interference  Fit  Pins 

lor  this  configuration  the  flat  sided  pin  produces  no  advantage  over  the  round 
pin,  and  in  most  of  the  comparisons  the  flat  sided  pin  endurances  were  Lower. 

It  would  appear  that  the  flats  on  the  pin  have  an  adverse  effect  upon  the  stress 
pattern  normally  associated  with  an  interference  fit  pin. 

Appreciable  or  severe  fretting  occurred  on  the  majority  of  specimens  examined, 
and  always  at  the  unloaded  region  of  the  pin. 

. 1 Comparisons  with  Other  Investigators 

Comparisons  with  the  work  described  in  References  1 and  2 support  the  conclusions 
of  paragraph  6.1, 
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i i t mi'\ 


; < I I 1 1 1 i/ -i  and  l I)  1 


IM  I I If 


STRESS  I 1A  1 I S 


NUMBER  OF 
SPECIMENS 


i.c.  large  s i /b  , d/l>  - i/H  and  1/2  nsppi  t i « l y 
Push  Fit  (i  If  aranre  _H5.(>OOj  in) 

0,4  /o  Interference  Fit  (in  within  0,0001  in  of 
nom i na i ) 

Applicable  to  both  specimen  types. 

S - 0.25  ft  , S - 0.225  ft  down  to  0.05  ft 
m c a 

S = 0,15  ft,  S_  = 0.14  ft  down  to  0.05  ft 

n]  <-  a l i 

Stress  levels  applicable  to  both  specimen  types 
and  to  boLh  degrees  of  pin  fit. 

Minimum  of  3 off  for  each  combination  of 
specimen  type,  pin  fit  and  stress  level. 
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TABLE  2 SPECIMEN  TYPE  L D 3/4  - PUST  FIT  - d/D  = 3/8  Reference  Figure  2 


Specimen 

Identity 


12. 12. A 

14. 2.  C 

14. 2.  A 


14. 2.  D 
4.2.E 

14. 3.  A 


14. 3. C 
14.10.D 
14. 13. A 


15. 4.  A 
15.1.B 

15. 4.  D 


19 . 14. G 
19. 9.  E 
15. 7. A 


19. 9. A 
15. 7. B 
17.11.D 


19.13. F 

19.13 . G 

19. 14.  A 


14. 12 . B 

14.11. C 

14. 11 . D 

14. 12.  C 

14.12. F 

14. 12.  D 


19. 9. D 


U Unbroken 


Stress  Levels 
(Percentage  ft-) 

s 

m 

+s 

— a 

25 

10 

25 

7.5 

25 

5 

25 

4.25 

15 

10 

15 

7.5 

15 

6 

15 

5.4 

15 

5 

Cycles 

to 

Failure 

100 

100 

67 

600 

62 

500 

138 

600 

125 

800 

122 

500 

2 

307 

200 

1 

625 

700 

371 

000 

>3 

593 

200 

>2 

709 

400 

1 

717 

700 

220 

100 

190 

000 

89 

100 

264 

200 

247 

400 

245 

400 

3 

370 

400+ 

1 

580 

000 

1 

436 

600 

10 

000 

00011 

10 

000 

OOOU 

6 

751 

900 

1 

118 

800 

612 

500 

442 

600 

10 

000 

OOOU 

Logarithm 
Cycles  to 
Failure 


6.362 

6.210 

5.570 


>6.555 

>6.433 

6.234 


5.342 

5.278 

4.950 


7.000U 

7.000U 

6.830 

6.049 

5.786 

5.645 


7.000U 


Geometric 

Mean 

Cycles 


75  060 


128  700 


1 116  000 


>2  558  000 


155  000 


252  200 


1 971  000 


>2  427  700 


>10  000  000 


+ light  fretting  (see  Table  7) 

Loads  to  insert  pins  ranged  from  40  lb  to  100  lb  but 
some  were  not  recorded. 
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TABLE  5 SPECIMEN  TYPE  t D I - PUSH  KIT  - d/D  = L/2  Reference  Fieure  3 


_ . Stress  1. eve  Is 

Specimen  (,,erce  f j 

IdenLlty  ^ +gt 


i .8,c  I r> 

16.0, A 

16. 9. G 25 

16.5.G 


17.4.  R 
16.8. B 
16.11.F 


18. 14.  C 

18.14. D 
18.2. E 


19, 

,2.G 

19, 

. 2 . B 

18, 

. 6 . B 

18, 

■ 8.D 

13, 

. 7.G 

13, 

.11. E 

19, 

, 1 . D 

19, 

.4. A 

! , 

, 10.  F 

18, 

,11.1) 

18. 

, 10.  E 

16. 

,9.D 

16. 

, 9 . B 

16. 

, 10 . D 

IS. 

, 1 4 , A 

18. 

,8.C 

18. 

,8.E 

18. 

,9. A 

18. 

1 3.C 

18. 

,8.  B 

K'a  i I u re 


)0  OOO 


81  300 
72  400 
66  500 


l 785  100 
325  500 
185  600 


832  500 
530  400 
440  090 


10  000  OOOU 


10  000  OOOU 


Logarithm 
Cycles  to 
Fail ure 


800  000 
353  000 
245  000* 


10  000  OOOU 
6 708  500* 
2 783  000 


li  000  000 U 
10  000  OOOU 
10  000  OOOU 
10  000  OOOU 
10  000  OOOU 
10  000  OOOU 


2 
1 

5.261 


5.920 

5.762 

5.645 


7. OOOU 


5.303 

5.050 

4.990 


5.700 
5. 346+ 
5.185 


5.903 

5.547 

5.389* 


7 . OOOU 


7.  OOOU 
7. OOOU 
7.  OOO’J 
7. OOOU 
7. OOOU 
7. OOOU 


U Unbroken 
+ 1 ight  f re tt ing 

* appreciable  fretting  j ,''ee 
Loads  to  insert  pins  very  small  where  recorded 


Geome  trie 
Mean 
Cycles 


30  000 


73  140 


476  000 


579  300 


>10  000  000 


>10  000  000 


130  200 


259  500 


410  800 


>5  715  000 


>10  000  000 


See  Table  7 
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SUPPLEMENTARY  INVESTIGATION  Mo. 2 


TABLE  4 SPECIMEN  TYPE  I D 3/4  - Q.4°/o  INTERFERENCE  FIT  PIN  - d/D  = 3/8 


Reference  Figure  4 


Specimen 

Identity 

Stress 
( Pe  rcen  t 

s 

m 

Le  ve  Is 
age  ft) 

+s 

— a 

Cycles 

to 

Fai'iure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 

Cycles 

19. 14, B 

19. 13.  D 

19.13. E 

25 

5.242 

5. 178x 
5.006* 

148  700 

19. 12. A 

19. 11 . F 

19. 11 . G 

25 

10 

257  000 
233  000 
193  000 

5.410. 

5.368 

5.285 

226  200 

19 . 14.  F , 

19. 14.  E 

25  ■' 

8.25 

811  900 
358  800 

5.909 

5.555 

19.11. C 

19.11. B 

19. 11.  A 

25 

>.5 

10  000  OOOU 
> 2 463  800, 
486  000 

7.  OOOU 
>6.391 
5.687  + 

>2  288  000 

19.12. F 

1 9 . 1 2* . D 

19.12. C 

. 15 

12.5 

2 29  7”*  100 
’ 1 024  300 

2,76  500* 

tMSzyM 

. 866  400 

19. 12.  B 

19.12. G 
iTf.n.A  ’ 

15 

10 

>3  975  500 
768  300*5 
' 410  000 

>6 . 600 
5.885^ 
-.5,613  . 

>1  077  0Q0 

19.14. C 

19. 14,  D 

15 

8.25 

4 084  500 
937  200 

WmSm 

1 956 .000 

19.13. C 

19 . 13.  B 

15 

l\  5 

10  000  'uOOU 

6 09  3 800*5 

7.00U 
6.78.3  4 

>1  805  000 

U Unbroken  _ • 

x severe  fretting  1 Loads  to  insert  pins  ranged  from 

4 appreciable  fretting  L See  1 1*70  lb  to  2020  lb 

+ light  fretting  J Table  8 

TABLE  I SPECIMEN  TYPE  1 D 1 - 0.4°/o  INTERFERENCE  FIT  - d/D  = 1/2  Reference  Figure  5 


Spec imen 
Identity 

Stress  Levels 
(Percentage  f,.) 

Cycles 

to 

Fai lure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 

Cycles 

s 

m 

+s 

— a 

16. 2.  E 

16. 2.  D 

16. 5. F 

25 

22.5 

207  200 
198  200 
155  000 

5,315  . 
5.29  7 
5.190* 

185  300 

9 

16. 10.  A 

16.11. E 

16.11. D 

25 

15 

274  400* 
259  600 
202  400 

5.438* 

5.414 

5.305 

243  400 

16. 2.  B 

16. 5. A 

16. 2.  A 

25 

12.5 

2 323  000* 
l 952  400 

1 705  600 

6. 365* 

6,290 

6.232 

1 977  000 

m 

18. 8. G 

25 

11,75 

10  000  OOOU 

7. OOOU 

16. 5. E 

25 

11.25 

10  000  OOOU 

18. 2. B 

25 

10 

10  000  OOOU 

7.  OOOU 

>10  000  000 

16. 14, F 

16. 9. F 

15 

14 

10  000  OOOU* 
6 007  600* 

■ TrrJB 

>7  750  000 

16. 9. C 

15 

12.5 

10  000  OOOU* 

7. OOOU* 

>10  000  000 

U Unbroken  Loads  to  insert  pins  ranged  from 

x severe  fretting,  see  Table  8 1120  lb  to  1790  lb 


spe  i i :nt  n 
I de  n t i t v 


I -».  I I .A 
U.9.F 
1-+.  10.  B 
I +.10. A 
I -+.  lo. c 
i 4.  lo. i: 


St  ress  l.tve  I ■> 

( l1'.  i ceii  l age  ft-  > 


i men.  I 


548  200 

5.7  37 

, i 600 

5.651 

402  200 

5.40  3 

342  300 

5.533 

308  000 

i , hS  7 

307  800 

5 , 486 

C.eome  trie 
Mean 
Cyc 1 e s 


38  3 390 


I I I ju  / wu  I 

Loads  to  insert  pins  ranged  from  40  18  to  298  lb 


>r  I D 1.  Push  Fit,  d/D  = 1/2,  Ref. Figure  3 


In.  1, 13  >48  500  5.753 

I8.I.C  419  300  5. 422 

1 .1.0  15  i)  5 ,r>s  l(H)  ;.5ri5  ihrt  ^(M) 

18.5. F  339  300  5.530 

1 8.5.  A 31  3 000  5.495 

I 8. 4. A 244  500  5.420 

J_oads  to  insert  pins  not  greater  than  20  lb 


I'D  Sne  cimen  Type  I D 


Mote  These  endurances  were  a Little  below  the  corresponding 
endurances  of  Stage  1,  and  S.I,  Humber  9. 

No  further  controls  were  therefore  tested,  it  being 
considered  that  the  Stage  1 endurances  for  plain 
(round)  pins  would  suffice. 


■4-t 


I ABLE 


sriM’i  I'.Mi-:'. r.:u:sTir.ATiQN  0.2 

PUSH  FIT  IT.  QUALITATIVE  SUMMARY  OF  FAILURES 
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rARLE  0. 4°/o  INTERFERENCE  FIT  PIN  QUALITATIVE  SUMMARY  OF  FAILURES 


Spec imen 
Identity 


Stress  Levels 
(Percentage  1(0 


Specimen  Type  1 D 3/4 


19.13.E 


19.11.F 


19. 11. A 


19.12.C 


.G 


19.13.B 


Specimen  Type  1 D 1 


Position  of 

Fretting 

Degree  of 

c rackK 
origins 

_ K 

Posi tions 

Fretting 

o 

o 

1.30 

10.  30 

1.30 

10.  30 

1.30 

10.30 

1.30 

10.30 

1.30 

11  to 

1 

Se  ve  re 


Light 


Severe 


Apprecia 


Appreciable 


16. 5. F 


16. 10. A 


16.2. B 


16. 9. C 


1 6 . 9 . F 


16. 14. F 


25  ± 15 


25  + 12,5 


15  ± 12.5 


15  + 14 


10.  30 

_1_.  30 

Severe 

10.30 

1.30 

Severe 

10.  30 

1.30 

Severe 

10 

1 

Severe 

4.30 

10 

Se  ve  re 

10 

1 

Severe 

Clock  face  notation 


\G  . \ 


D£T{mi_*5  of  SPEjCv 


ALu,mirt%ti»cr\  ALLoa^  h?»  «jC-  v ? c Cat! on  pj.3.  \_"7^  ~ ^V»c4l 


^ SV*caL  ^S»  &p«c.\P'Ce«iV>or>  6>.S.  S ^A* „ 


Sc<xli.  - S^< 


Specimen  Type 

1 D 3/4 

1 D l 

d/D 

3/8 

1/2 

Plate 

Hole  Diameter  ' d ' 

0. 7 '>"+0.0003" 

1 .0"+0.0003" 

Length  Limits 

+0.01" 

+0.01" 

W id th  Limits 

+0,002" 

+0.002" 

Pin 

Push  Fit  * d ' 

n 7r.. -0.0001" 

’ -0,0002" 

. -.,,-0.0001" 
1,u  -0,0002" 

o 

n -,...+0.0028" 
°*7j  +0.0029’ 

, n„ +0.0038 

1<u  +0.0039 

0.4  /o  Interference  Fit  * d : 

Width  across  flats  'w' 

n1'^ 

+0.002" 

n 7n7"'K) 

°*  707  +0.002"  | 

SfreCiWNEM  TYf>tL  \ D 
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SUPPLEMENTARY  INVESTIGATION  No, 3 
nip  EFFECT  01  PPL- LOADING  THE  TEST  SPECIMENS 
INTRODUCTION 

Accelerometer  records  from  research  aircraft  and  from  aircraft  operating  in 
regular  service  have  shown  that  occasional  high  loads  can  occur  at  any  time  in 
the  life  of  the  structure.  Such  loads  may  cause  plastic  deformation  at  regions 
of  high  stress  concentration,  whicli  in  turn  may  affect  the  subsequent  fatigue 
life  of  that  part  of  the  structure.  Supplementary  Investigation  No. 3 was 
arranged  to  investigate  one  aspect  of  this  particular  feature,  namely  the 
application  of  a single  high  tensile  load  prior  to  the  fatigue  loading. 

2 . NOTATION  (Units  are  in  lb  and  inches  throughout) 

Tor  convenience  the  relevant  Notation  from  the  Stage  l report  is  repeated  below 


d 

D 

ft 

f 

P 

K' 

t 


N 

S 

m 

S 

a 

t 

3. 


- Nominal  Diameter  of  hole  and  pin 

= Width  of  parallel  section  of  test  specimen 

- Average  Tensile  Strength  of  plate  material  (from  tests) 

= Average  0,2°/o  Proof  Stress  of  plate  material  (from  tests) 

= Geometric  Stress  Concentration  factor  based  on  net  area  of 
cross  section  of  test  specimen 

= Endurance 

= Mean  Stress  on  net  area 

= Alternating  Stress  on  net  area  associated  with  S 

m 

= Thickness  of  plate  specimen 
IF. ST  PROGRAMME  AND  STRESS  LEVELS 


These  tests  were  carried  out  in  the  Department  of  Metallurgy  of  the  University 
of  Cambridge,  using  a 2 Ton  Amsler  fatigue  testing  machine  operating  at 
7300  c.p.m. 


All  the  specimens  were  taken  from  stock  remaining  from  Stage  1 of  the  research, 
and  details  are  given  on  Figure  1 of  this  report. 
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Only  specimens  of  the  smallest  size  of  those  employed  in  Stage  1 were  used  for 
this  investigation,  largely  due  to  availability  of  specimens  and  all  were  either 
of  types  '4B'  or  '4D',  i.e.  of  the  'pin  loaded'  form.  Type  '4B'  with  the 
enlarged  end  was  preferred  for  specimens  with  d/D  = 1/4  because  of  the  greater 
stress  concentration  factor  associated  with  this  particular  value  of  d/D. 

Three  standards  of  pin  fit  were  included,  namely  push  fit,  0.4°/o  interference  fit 
and  0.8°/o  interference  fit.  For  each  of  these  standards  the  previous  three 
configurations  of  geometry  were  tested,  i.e.  d/D  = 1/4,  3/8  and  1/2. 

For  the  push  fit  specimens  the  corresponding  nominal  values  of  K/  were  3.73, 

2.72  and  2.22  respectively. 

For  the  interference  fit  pin  specimens  it  is  not  possible  to  quote  single  values  of 
K'  for  group  of  specimens  because  the  value  changes  with  the  magnitude  of  the 
loading. 

A full  range  of  specimens  was  subjected  to  an  initial  single  pre-load  giving  a 
stress  on  the  net  area  of  0,75  ft  and  another  full  range  subjected  to  an  initial 
single  pre-stress  of  0,60  f j-. 

Fatigue  testing  was  then  carried  out  at  mean  stress  levels  of  0.25  ft  and  0.15  ft 
for  each  of  the  two  levels  of  pre-stress,  with  alternating  stress  levels  ranging 
from  just  below  the  mean  stress  level  down  to  0.075  ft.  In  combinations  where 
d/D  and  degree  of  interference  were  high  some  tests  were  omitted  because  the 
resulting  endurances  would  have  been  well  beyond  10^  cycles.  At  each  stress  level 
three  nominally  identical  specimens  were  tested. 

Finally,  a limited  number  of  control  tests  were  included  for  each  specimen  type 
(generally  one  specimen  per  stress  level).  These  of  course  were  not  pre-loaded, 
but  were  fatigue  tested  currently  with  the  main  tests.  Where  available,  the 
corresponding  endurance  curves  from  the  Stage  1 tests  have  been  used  to  help  in 
the  assessment  of  the  effect  of  pre-loading.  The  full  range  of  tests  is  summarised 
in  Table  1. 

4. RESULTS 

4.1 Push  Fit  Pins 

Tables  2a,  2b  and  2c  give  the  test  results  for  specimens  Type  4B  3/16,  d/D  = 1/4; 
'a',  ' b ' and  'c'  referring  respectively  to  0,75  ft  pre-stress,  0.60  ft  pre- 
stress and  controls  tested  currently  with  them  (hereafter  described  as  'current 
controls' ) . 
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Figure  2 presents  alL  the  results  contained  in  these  three  tables  together  with 
the  corresponding  Stage  ! endurance  curves  (where  available)  for  specimens 
without  pre-load. 

Tables  3a,  3b  and  3c  give  the  test  results  for  specimens  Type  4D  9/32, 

d / D = 3/5;  'a'.  ' b ’ and  'c'  having  the  same  significance  as  given  above. 

Figure  3 presents  all  the  results  contained  in  Tables  3a,  3b  and  3c  together 
with  the  relevant  Stage  1 and  S.I.  No. 9 results. 

Tables  4a,  4b  and  4c  give  the  test  results  for  specimens  Type  4D  3/8, 

d/D  = 1/2  ('a',  * b * and  'cl,  again  referring  to  0,75  ft  pre-stress,  0.60  ft 
pre-stress  and  current  controls  respectively). 

Figure  4 presents  all  these  results  graphically  together  with  the  relevant 
Stage  1 and  S.T,  No. 9 results. 

4 . 2  0.4°/o  Interference  Fit  Pins 

Tables  5a,  5b  and  5c  contain  test  results  for  specimens  Type  4B  3/16, 
d/D  = 1/4,  but  with  0.4°/o  interference  fit  pin  instead  of  a push  fit  pin. 

Figure  5 presents  all  these  results  together  with  the  relevant  Stage  1 data. 

Tables  6a,  6b  and  6c  and  Figure  6 cover  similarly  the  test  results  for 
specimens  Type  4D  9/32,  d/D  = 3/8  with  a 0.4°/o  interference  fit  pin. 

Tables  7a,  7b  and  7c  and  Figure  7 cover  specimens  Type  4D  3/8,  d/D  = 1/2  with 
a 0.4°/o  interference  fit  pin. 

4.3  0.8°/o  Interference  Fit  Pins 

Tables  8a  to  10b  together  with  Figures  8 to  10  present  all  the  test  results 
for  similar  specimen  types  but  with  0.8°/o  interference  fit  pins. 

NOTE 

Reference  to  all  these  tables  and  figures  are  given  in  the  last  two  columns 
of  Table  1 of  this  report. 

4. 4  Examination  of  Failures 

From  a close  examination  of  the  failed  specimens  a few  were  selected  from  among 
the  push  fit  pin  specimens  as  being  illustrative  of  the  types  of  failures,  and 
degrees  of  fretting.  Fretting  was  more  evident  on  the  push  fit  pin  specimens 
than  on  those  with  interference  fit  pins.  The  particulars  of  these  failures  are 
given  in  Tables  11  and  12,  covering  push  fit  pins  with  d/D  = 3/8  and  1/2 
re  spec  t i ve ly . 


DISCUSSION  OF  RESULTS 
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2*. 

3 , 1 Push  Fit  Fins  (Figures  2,  3 and  4 and  Tables  1 3a  and  13b) 

From  a study  of  these  Figures  and  Tables  it  is  clear  that  although  in  general 
the  application  of  a pre-load  does  lead  to  an  increase  in  the  endurance  of  a 
joint  with  push  fit  pins,  for  a given  applied  stress  (an  increase  in  the  stress 
level  sustained  for  a given  endurance),  there  are  limitations  and  reservations 
which  must  lie  noted,  because  of  the  influence  of  geometry  and  mean  stress.  In 
fact  it  is  convenient  to  discuss  the  effect  of  pre-load  in  terms  of  the  influence 
of  these  two  variables. 

Taking  first,  the  higher  mean  stress  of  S /ff  = 0.25,  it  was  possible  to  draw 
reasonable  endurance  curves  over  most  of  the  range  covered  ( 1 0~*  to  10/  cycles), 
and  it  was  noted  that  at  least  for  d/D  = 1/4  and  3/8,  there  was  an  increase 
of  endurance  at  a given  stress  level  for  pre-stresses  of  both  0,75  ft  and  0.60  ft 
and  the  higher  pre-stress  level  led  to  the  greater  increase  of  endurance.  At 
d/D  = 1/2  however,  although  the  pre-stress  level  of  0.75  ft  was  marginally  more 
effective  than  that  of  0,60  ft,  in  both  cases  the  resulting  endurances  were  lower 
than  those  for  the  Stage  1 tests  without  pre-loading.  This  change  of  effect  of 
the  pre-load  is  thought  to  be  due  to  the  fact  that  the  stress  concentration 
factor  for  d/D  = 1/2  is  significantly  lower  than  those  for  the  other  two 
values  included  in  the  tests. 

For  S /f  =0,15  the  results  show  the  same  trend  but  apparently  with  less 
m t 

consistency,  and  not  always  so  clearly  marked  as  for  S /f  = 0.25. 

It  is  suggested  that  this  is  partly  due  to  the  fact  that  the  reduction  of 
stress  concentration  at  the  critical  locations,  due  to  the  application  of  the 
pre-load,  cannot  be  so  effective  when  a lower  mean  stress  is  operative. 

Moreover,  for  the  tests  at  S / f . = 0.15  and  at  d/D  = 1/4  there  was  insufficient 

m t 

data  provided,  both  for  the  pre-loaded  specimens  and  for  the  controls. 

At  d/D  = 3/8  the  increase  in  endurance  for  a pre-stress  of  0,75  ft  appeared  to 

be  large,  but  most  of  the  specimens  were  unbroken  at  10^  cycles  and  therefore 

ratios  of  increase  of  endurance  could  only  be  assessed  approximately.  More 

reliable  comparisons  were  possible  at  a pre-stress  of  0.60  ft  , where  the  gain 

was  less  for  S /f  = 0,15  compared  with  S /f  = 0.25. 

m t m t 

At  d/D  = 1/2  the  increase  of  endurance  for  both  levels  of  pre-stress  was 

somewhat  greater  than  for  the  mean  stress  of  0.25  ft  but  it  should  be  noted  that 

the  Stage  1 control  curve  for  S =0.15  ft  and  the  current  control  curve  both 

m 

lie  mainly  below  the  similar  curves  for  S / f = 0.25,  which  is  against  normal 

m t 

expectations. 
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From  the  preceding  discussion  it  is  evident  that  to  attempt  to  give  numerical 
values  to  the  magnitude  of  increased  endurances  due  to  pre-loading  would  be 
difficult,  and  the  alternative  of  stating  ratios  of  increase  of  alternating 
stress  for  a given  endurance  provides  a more  consistent  means  of  assessment. 

Tables  1 la  and  lib  have  therefore  been  prepared,  giving  values  of  the  ratio 
S with  pre- load 

— — for  a stated  endurance,  noting  that  these  comparisons  for 

S without  pre-load 
a 

both  levels  of  pre-stress  are  made  relative  to  Stage  1 and  S.I.No.9  results 
where  available,  but  relative  to  current  controls  only  where  no  Stage  1 or 
S.I.  No. 9 results  exist. 

For  convenience,  the  summaries  from  Tables  13a  and  13b  quoting  ranges  of  these 

ratios  for  a range  of  endurances  are  given  below. 

At  S /f  = 0.25  (see  Tables  13a  for  details) 
m r 


d/D 

1/4 

37 

B 

T7 

2 

Pre-stress 

0,75  ft 

0.60  ft 

0. 75f t 

0.60  ft 

0.75  ft 

0.60  ft 

M 

4 

3 x 10 

1.5 

1.2 

1.2 

0.95 

0.95 

0.90 

t07 

to 

to 

to 

to 

to 

to 

107 

2.7 

2.1 

2.7 

2.1 

0.65 

0.65 

At  S /f  = 0.15  (See  Table  13b  for  details) 
m t 


d/D 

1/4 

3/8 

T7T-  n 

Pre-stress 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

N 

cycles 

3.65  at 

0.85 

2.0 

1.05 

, _5 

10 

K 

H 

3x10 

to 

to 

to 

to 

2,4  at 

7 

7 

10 

10 

1.5 

1.05 

1.25 

)( 

Insufficient  data  available 

In  these  tables  the  first  figure  of  the  range  is  associated  with  the  lower 
endurance  quoted  whereas  the  second  figure  of  the  range  is  associated  with  the 
higher  endurance  quoted. 

With  regard  to  the  influence  of  geometry,  despite  the  limitations  of  available 

data  at  S / f = 0.15  both  the  tables  and  the  associated  figures  2 to  4 show 
m t 

this  influence  which  is  mainly  that  the  lowest  d/D  ratio  (highest  stress 
concentration  factor)  leads  to  the  greatest  increase  of  S for  a given 
endurance,  and  vice  versa,  thus  supporting  the  statement  made  at  the  beginning 
of  this  paragraph. 


0.4U/o  Interference  Fit.  Pins  (Figures  5,  0 and  7 and  Tables  14a  and  L4t>) 
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In  this  group  of  test  specimens,  but  only  for  d / D = 1/4,  the  results  show  the 
sam<  trend  as  for  specimens  with  push  fit  pins.  Also,  where  data  are  available, 
the  current  controls  and  Stage  1 results  are  in  fairly  good  agreement. 

Kndurances  for  0.77  ft  pre-stress  are  significantly  greater  than  those  for 
O.bO  ft  pre-stress  for  a mean  stress  of  0.25  ft,  but  the  order  is  slightly 
reversed  foi  the  lower  mean  stress  of  0.15  ft. 

For  d/D  - 3/  and  d/D  - 1/2,  even  allowing  for  the  limitations  of  the  data 
provided,  there  is  generally  a eduction  in  endurance  for  a given  stress  level 
when  a pre-stress  is  applied.  Moreover  at  d/f)  = 1/2  the  higher  pre-stress 
leads  to  a greater  reduction  in  endurance.  It  appears  therefore  that  for  0.4°/o 
interference  fit  pin  specimens  a pre-load  only  increases  the  endurance  when  the 
stress  concentration  factor  at  the  critical  region  is  high  (i.e.  d/Li  = 1/4). 

For  higher  values  of  d/D  the  reverse  is  true,  with  a clear  trend  for  less 
consistency  and  a greater  scatter  of  results. 

It  would  appear  that  the  effects  of  the  pre-load  on  a joint  with  a 0.4°/o 
interference  fit  pin  is  generally  to  reduce  the  advantages  of  the  interference 
fit  pin . 

Numerically  it  is  only  possible  to  quote  reliable  values  for  the  ratio: 

S with  pre-load 

— — — r— : , for  the  group  of  specimens  with  d/D  = 1/4.  These  are 

S without  pre-load  ° 

a 

given  in  Tables  1 4a  and  14b  but  summarised  below  for  convenience. 

At  S /f.  = 0.25  (See  Table  14a  tor  details) 

— TTI 1 

d/D  = 1/4  only 


Pre-stress 

0.75  ft 

0.60  ft 

N 

eye les 

3 x 104 

1.45 

1.25 

to 

to 

to 

3 x 106 

1.8 

1.5 

d/D  = 1/4  only 


At  S / f . = 0.15  (See  Table  14b) 
m — t 


O.b°/o  Intel  fc rencc  F i L Pin  (Figures  8,  9 and  LO  and  TabLes  15a  and  15b) 


As  in  t lie  previous  group  tested,  the  application  of  a pre-load  leads  to  an 
increase  of  endurance  for  a given  stress  level  only  when  d/D  = 1/9  (high 
si 'ess  concentration  factor).  Nevertheless,  the  increase  is  less  marked  than 
for  the  0,9°/o  interference  fit  pins. 

For  values  of  d/D  - i/8  and  1/2  the  application  of  the  pre-load  generally 
reduces  the  endurance  for  a given  stress  level,  i.e.  it  impairs  the  benefits 
of  the  interference  fit  pin.  This  statement  applies  to  both  levels  of  mean 
stress  included  in  these  tests,  in  so  far  as  data  are  available. 


fables  15a  and  15b  give  values  of  the  ratio; 

S with  pre-load 

- — - — : — : — — for  d/D  - 1/9  only,  and  these  ratios  were  summarised 


S without  pre-load 
a 

here  for  convenience. 

At  S = 0.25  ft  (See  Table  15a  for  details) 

m 

d/D  = 1/9  only 


Pre-stress 

0.75  ft 

0,60  ft 

N 

1 * 

cycles 

lx 

3 x 10 

1.15 

1.1 

to 

to 

to 

io6 

2.1 

1 .8 

A.t  S =0.15  ft  (See  Table  15b) 


d/D  = 1/9  onl 


Pre-stress 

0.75  ft 

N 

eye les 

10  7 

1.03 

0.60  f 


Fxaminat ion  of  Failures  (fables  II  and  12) 


The  specimens  reported  upon  in  Tables  11  and  12  were  not  the  only  ones 
exhibiting  fretting  but  were  considered  to  be  typical  of  the  majority  of 
samples  in  the  push  fit  pin  range.  Fretting  was  less  evident  on  specimens 
with  the  highest  stress  concentration  factor  (d/D  = 1/9)  and  so  only 
specimens  with  d/D  = 1/8  and  1/2  are  listed.  Furthermore,  there  was  less 
fretting  on  the  specimens  with  interference  fit  pins. 
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'V 


• » 

‘iB 
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The  degree  of  fretting  varied,  from  "light"  to  "moderate"  and  sometimes  "severe", 
within  a given  group  of  specimens.  In  general  the  least  fretting  was  associated 
with  the  lowest  endurances,  but  not  always  so.  The  most  consistent  evidence  was 
the  fact  that  almost  all  the  fretting  on  specimens  with  d/D  = 1/2  and  on  those 
tested  at  low  stress  levels  with  d/I)  = 3/8  occurred  uniquely  at.  3.0  o'clock 
and  9.0  o'clock,  i.c.  at  the  ends  of  the  transverse  diameter.  Moreover  where 
cracks  occurred,  they  were  approximately  in  the  same  locations.  All  of  the  six 
specimens  with  d/I)  1/2  cracked  on  one  side  only. 

CONCLUSIONS 

b , 1 Push  Fit  Pins  (Figures  2,  3 and  4 and  Tables  13a  and  13b) 

( a)  Pre- load 

The  application  of  a pre-load  to  a push  fit  pin  joint  generally 
increased  the  endurance  for  a .given  alternating  stress  level 
(or  the  applied  alternating  stress  for  a given  endurance). 

Nevertheless  this  improvement  was  influenced  by  the  degree  of 
stress  concentration  present  and  by  the  level  of  applied  mean 
stress.  The  greater  the  magnitude  of  stress  in  the  critical 
region,  due  to  these  two  parameters,  the  greater  the  volume  of 
material  subjected  to  plastic  deformation,  and  consequently 
the  greater  the  improvement  in  fatigue  performance. 

In  this  test  programme  the  pre-stress  of  0.75  ft  led  to  somewhat 
greater  gains  in  endurance  than  did  the  pro-stress  of  0.60  ft, 
but  see  remarks  in  paragraph  (b)  below.  Since  no  tests  were 
carried  out  at  pre-stresses  greater  than  0.75  ft  it  is  not 
possible  to  claim  that  0.75  ft  is  an  optimum,  but  it  may  be 
that  a pre -stress  much  higher  than  0.75  ft  could  produce  some 
adverse  effects,  e.g.  the  introduction  of  permanent  set,  or  of 
back- lash  in  the  ]oints. 

( b)  Geome  try 

For  d/I)  = 1/4  and  S/8  (nominal  K'  = 3,73  and  2.72  respectively) 
the  gain  in  endurance  increased  with  increasing  degree  of  stress 
concentration  factor  and  vice  versa.  For  d/D  = 1/2  (nominal 
K'  = 2.22  and  the  lowest  Kj  employed  in  these  tests)  the 
improvement  in  endurance  for  a given  stress  level,  due  to  pre- 
loading,  was  either  reduced  or  nullified,  particularly  at  the 
lower  of  the  two  mean  stresses  employed  in  these  tests. 


Mean  Stress 

There  was  more  scatter  of  results  at  the  lower  mean  stress  of 
0.15  ft,  but  many  of  the  endurances  achieved  at  this  stress 
were  well  beyond  10  cycles  and  the  specimens  still  unbroken. 
Thus  the  evidence  at  this  lower  level  of  mean  stress  was 
indecisive  at  times.  Nevertheless  the  tests  at  the  higher  mean 
stress  generally  produced  greater  endurance  gain  ratios  for  a 
given  alternating  stress  level  (or  greater  alternating  stress 
gain  ratios  for  a given  endurance.)  Conversely,  where  the 
geometry  was  such  that  the  was  significantly  low 

(K^  = 2.22,  d/D  = 1/2)  tests  at  the  higher  mean  stress  showed 
a reduction  in  endurance  at  a given  alternating  stress  level 
for  the  application  of  a pre-load.  (See  paragraph  (b)  above) 

General 

As  commented  in  the  discussion,  the  effect  of  the  pre-load  and 
the  influence  of  geometry  and  mean  stress  are  best  expressed 

s 

numerically  by  quoting  ratios  of  ■ -a-W^h  for  a 

J J M & Sa  without  pre-load 

given  endurance  and  these  are  set  out  for  push  fit  pin 
specimens  in  Tables  13a  and  13b,  but  summarised  here  for 
convenience , 

0,25  ft  (See  Table  13a) 


d/D 

1/4 

3/8 

1/2 

Pre- stress 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

N 

3 x 10^ 

1.5 

1.2 

1.2 

0.95  ' 

0.95 

0.90 

t07 

to 

to 

to 

to 

to 

to 

10 

2.7 

2.1 

2.7 

2.1 

0.65 

0.65  J 

At  S /f  = 0,15  (See  Table  13b  for  derails) 


Insufficient  data  available 
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o . 2 Q.-t°/o  Interference  F i L Pins  (Figures  5,  6 and  7 and  TabLes  14a  and  L4b) 


(a)  For  d/D  = l/* 

The  0.-i°/o  interference  fit  pin  specimens  showed  the  same  trend  as 
for  the  push  fit  pin  specimens,  namely  that  at  both  levels  of  pre- 
stress the  resulting  endurances  were  greater  than  for  the 
corresponding  specimens  without  pre-load.  At  the  higher  mean 
stress  of  0.25  ft  the  endurances  for  0.75  ft  pre-stress  were 
slightly  greater  than  for  0.&0  ft  pre-stress,  but  the  reverse  was 
true  for  a mean  stress  of  0.15  ft.  Nevertheless  the  gain  in  all 
cases  was  significant. 

(b)  For  d/D  = 1/8  and  1/2 

There  was  a reduction  of  endurance  for  almost  all  specimens,  and 
as  far  as  data  were  available  this  applied  to  both  values  of  mean 
stress.  It  would  appear  that  the  application  of  the  pre-stress 
in  the  presence  of  moderate  and  low  degrees  of  stress 
concentration  has  an  adverse  effect  upon  the 
an  interference  fit  pin. 

(c)  Numerical  Values  for  the  ratio  of  improvement  of  alternating  stress 
sustained  at  a given  endurance  have  therefore  been  quoted  for 

d/D  = 1/4  only  and  these  are  to  be  found  in  Tables  14a  and  14b,  but 
are  surrmarised  below. 


At  S = 0.25  ft  (See  Table  14a  for  details) 

— — m 1 


d/D  = 1/4  only 


Pre-stress 

0.75  ft 

0.60  ft 

N 

eye les 

4 

3 x 10H 

1.45 

1.25 

to 

to 

to 

. , *6 

3 x 10 

1.8 

1.5 

At  S = 0.15  fj-  (See  Table  14b) 

m d/D  = 1/4  only 


Pre- stress 

0.75  ft 

0.60  ft 

N 

cycles 

106 

2.5 

- 

3 x 106 

2.8 

3.3 

61 


b . 3 0.8°/o  Interference  Fit  Pins  (Figures  8,  9 and  10  and  Tables  15a  and  15b) 

( a)  For  d / D - 1/4 

There  is  still  an  increase  in  endurance  for  the  application  of  a 
pre-  load , at  least  for  S = 0.25  ft  but  as  far  as  can  be  judged 
from  the  limited  amount  of  data  available  this  gain  is  marginal 

at  S =0.15  ft.  In  any  case  the  gain  at  all  stress  levels  is 

m ' o 

less  than  the  similar  gains  for  0.4  /o  interference  fit. 

( b)  For  d/D  = i/8  and  1/2 

As  in  the  case  of  the  lesser  interference  fit  the  application  of 
a pre-load  reduces  the  endurance,  and  presumably  for  the  same 
reasons  already  stated. 

(c)  Numerical  values  for  the  ratio  of  increase  of  alternating  stress 
sustained  at  a given  endurance  have  been  evaluated  for  d/D  = 1/4 
only  and  these  are  given  in  Tables  15a  and  15b,  but  are  summarised 
be  low. 

At  S = 0.25  ft  (See  Table  15a  for  details) 

d/D  - 1/4  only 


Pre-stress 

0.75  ft 

0.60  ft 

N 

cycles 

3 x 10^ 

1.15 

1.1 

to 

to 

to 

io6 

2.1 

1.8 

At  S = 0,15  f.  (See  Table  15b) 

111  d/D  = 1/4  only 


Pre-stress 

0.75  ft 

0.60  ft 

N 

cycles 

io7 

1.03 

0.97 

6 , 4 Nature  of  Failures 

A representative  selection  of  failed  specimens  from  the  push  fit  pin  group 
were  examined  in  detail  (see  Tables  11  and  12).  These  were  chosen  because  they 
showed  a greater  degree  of  fretting  than  specimens  in  the  interference  fit  pin 
groups . 


6 2 

The  failures  were  generally  as  would  be  expected  except  that  nearly  all  those 
specimens  examined  from  the  group  with  d/D  = 1/2  and  those  from  the  group  with 
d/D  = 3/8  and  with  low  applied  stress  levels,  had  fretting  uniquely  at  the  ends 
of  the  transverse  diameter.  Moreover  for  all  the  specimens  at  d/D  = 1/2  cracks 
occurred  only  on  one  side  of  the  pin  at  the  fretting  location. 


SUPPLEMENTAL Y INVESTIGATION  No.  3 


) 

TABLE  1 RANGE  OF  TESTS 


Pin 

Spec imen 

d/D 

s /f  * 

m t 

■ ■■■  — 

References  for  Results 

Fit 

Type 

Table 

Nos . 

Figure  Nos. 

4B  3 / l h 

1/4 

0.75 

ft 

m 

2a 

•f 

O.60 

ft 

Ehh 

2b 

2c 

2 

Fit 

4D  0/32 

3/8 

0.  75 

ft 

m 

3a 

Push 

0.60 

ft 

0.25 

0.15 

3b 

3c 

3 

4D  3/8 

1/2 

0.  75 

ft 

m 

4a 

4c 

0.60 

ft 

IBM 

4b 

4 

4B  3/16 

1/4 

0.75 

ft 

K8B 1 

3a 

1 

e Fit 

0.60 

ft 

ra 

5b 

J 

u 

e 

0) 

u 

4D  9/32 

3/8 

0.75 

ft 

6a 

6c 

A 

u-< 

u 

0.60 

ft 

6b 

M 

o 

4D  3/8 

1/2 

0.75 

ft 

til 

7a 

7c 

7 

o’ 

0,60 

ft 

m 

7b 

•r-i 

4B  3/16 

1/4 

0.  75 

ft 

0.25 

C.  15 

8a 

8c 

8 

Us 

U 

0.60 

ft 

8b 

Q) 

}-* 

Q) 

*4-» 

3/8 

0.75 

ft 

m 

9a 

8 

9 

Inte 

4U  7/ 5 L 

0.60 

ft 

0.25 

0.15 

9b 

o 

o 

00 

4D  3/8 

1/2 

0.75 

ft 

HI 

10a 

+ 

10 

• 

o 

0,60 

ft 

wm 

10b 

x 

Each  value  of  mean  stress  coupled  with  an  appropriate  range  of  alternating 
stresses  to  produce  on  endurance  curve. 

Three  specimens  tested  at  each  stress  level,  for  all  pre-loaded  specimens. 
Current  control  tests  (generally  one  specimen  tested  at  each  stress  level) 
for  each  specimen  type  and  value  of  S^/f^.. 

♦Tables  2c,  3c  etc.  give  current  control  results,  but  note  that  there  were 
no  such  controls  for  0,8°/o  interference  fit  with  d/D  = 1/2,  and  so 
there  is  no  Table  10c, 


SUPPLEMENTARY  INVESTIGATION  Yo.3 
64  PUSH  FIT  PIN  - PIN  LOADED 

TABLE  2a  0.75  f«-  PRE- STRESS  Reference  Figure  2 

SPECIMEN  TYPE  4B  3/lb  d/D  = 1/4  Nominal  K*  = 3.73 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Loads  to  insert  pins,  small. 


Spec imen 
Ident i ty 

Stress  levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 

Cycles 

s 

m 

+s 

— a 

10.15.E 

64  500 

4.809 

10.15. B 

25 

6 3 500 

4,802 

56  800 

10.14.C 

44  500 

4,648 

10, 18, F 

778  800 

5.890 

9, 14. J 

25 

15 

747  000 

5.872 

710  000 

9.17.E 

620  000 

5.792 

9. 18. A 

1 l 308  000U 

7.054U 

9.18.E 

25 

10 

11  037  000U 

7.043U 

>6  440  000 

9.18.B 

2 150  000 

6.332 

9.19.B 

31  190  000U 

7.495U 

9.19.C 

7.5 

15  800  000U 

7.199U 

>17  100  000 

9. 19. A 

10  214  OOOU 

7.010U 

9.21.B 

12  440  OOOU 

7 .095U 

9.21.C 

12.5 

11  232  OOOU 

7.050U 

>11  430  000 

8.15.D 

I 

10  671  OOOU 

7.029U 

U denotes  unbroken  specimen 


TABLE  2b  0,60  PRE-STRESS  Reference  Figure  2 

SPECIMEN  TYPE  4B  3/lb  d/D  = 1/2  Nominal  K'  = 1.73 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Loads  to  insert  pins,  small. 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

8.15. C 

9.15. J 

8.15. B 

25 

22.5 

37  000 

22  000 

11  000 

20  750 

KJUTJM 

■WWW 

Dual 

25 

15 

247  000 

154  000 

101  000 

5.393 
5.186  • 

5.005 

156  000 

9.9. E 

9.9. C 

9. 9.  A 

25 

10 

3 342  000 
445  000 

390  000 

MEM 

BBS 

836  000 

it! 

25 

7.5 

11  469  OOOU 

10  001  OOOU 

4 620  000 

7.060U 

7. OOOU 
6.665 

>8  080  000 

10.16. G 

10. 16,  D 

10, 15, H 

15 

12.5 

10  540  OOOU 

10  378  OOOU 

10  000  OOOU 

1 

>10  300  000 

U denotes  unbroken  specimen 


SUPPLEMENTARY  INVESTIGATION  No. 3 
PUSH  FIT  PIN  - PINLQADFD 

LABEL  2c  flKRfcNt  CtWhlffl-  TESTS  i,e.  no  Pre-Load  Reference  Figu 

SPECIMEN  TYPE  4 B 3/lb  d/D  = 1/4  = 3.73 

Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore , Speed  7500  c.p.m. 
Loads  to  insert  pins,  small. 


Specimen 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Logarithm 
Cycles  to 
Failure 

Geome  trie 

Mean 

Identity 

s 

m 

+s 

— a 

Failure 

Cycles 

10.20.C 

25 

22.5 

lb  000 

4.204 

16  000 

9.8.B 

25 

15 

44  000 

4.643 

44  000 

10.1 .A 

25 

10 

116  000 

5.065 

116  000 

10. 6. G 

25 

7.5 

778  000 

5.890 

778  000 

10. 16 .J 

}‘5 

12.5 

104  000 

5.016 

j-  98  000 

10.17.G 

9 3 000 

4.966 

TABLE  3a  0,75  ft  PRE-STRESS  Reference  Figu 

SPECIMEN  TYPE  A D 9/32  d/D  = 3/8  Nominal  = 2.72 

Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Loads  to  insert  pins,  small. 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cyc les 
to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

a 

7.0. 2 3. L 

20. 24. B 
20.23.K 

25 

22.5 

50  000 

45  000 

35  000 

4.699 

4.653 

4.545 

42  900 

20. 24.  F 

20.24. C 

20.24. D 

25 

15 

749  000 
312  000 
236  000 

5.873  . 

5.493- 

5.372 

380  000 

20. 24.  J 

20.24. K 

20. 24.  H 

25 

10 

11  530  000U 

1 103  000 
718  000 

7.06 1U 

6.043 

5.855 

>2  080  000 

20.25. B 

20. 25.  A 

25 

7.5 

17  623  OOOUF 

1 002  000F 

7.246UF 

6.000F 

>4  200  000 

20. 25.  E 

20.25. C 

20.25. D 

15 

12.5 

12  987  000 

10  932  000U 

4 635  000 F 

7.111 

7.038U 

6.664F 

>8  700  000 

20. 25. J 
20.25.1 
20.25.11 

15 

10 

10  851  000U 
10  500  OOOU 

7 096  000 

7.035U 

7.020U 

6.850 

>9  350  000 

20.25. K 

20.25. L 

20.25. M 

15 

7.5 

15  327  OOOU 

11  419  OOOU 
10  607  OOOU 

' "771551' 

7.059U 

7.026U 

>11  850  000 

U denotes  unbroken  specimen 

F denotes  specimen  examined  and  reported  upon  for  nature 
of  failure 


I 

SUPPLEMENTARY  INVESTIGATION  No. 3 

PUSH  FIT  PIN  - PIN  LOADED  ) 

TABLE  3b  0,60  PRE-STRESS  Reference  Figure  3 

SPECIMEN  TYPE  4 b 9/32  d/I)  = 3/b  Nominal.  = 2.72 

Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore  - Speed  7500  c.p.m. 

Loads  to  insert  pins,  small. 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cyc  les 
to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 

Cycles 

s 

m 

+s 

— a 

20. 26 . E 
20.25,0 

20. 2b. C 

25 

22.5 

2 3 000 

18  000 F 
12  000 

4.360 

4.255F 

4.079 

17  000 

20.26. G 

20.26.  J 

20.26. H 

25 

15 

198  000 
124  000 

84  000 

5.296 

5.092 

4.925 

127  000 

20.26. L 

20.26. N 

20.27. C 

25 

10 

2 103  000 
515  000 

326  000 

6.323 

5.711 

5.512 

700  000 

20.28. C 
20,2  7. E 

20. 28 . E 

25 

7.5 

15  810  000 J 
776  000 
534  000 

7.200U 

5.890 

5.726 

>1  8 70  000 

20.28. F 

20. 28.  D 

20.28. C 

15 

12.5 

308  000 
233  000F 
171  000 

5.488 

5.366F 

5.233 

231  000 

20.28. H 

20.29.  J 
20.29.1 

15 

10 

1 425  000 

1 220  000 
885  000 

6.154 

6,085 

5.946 

1 150  000 

20.29. M 

20. 29.  L 

20.29. K 

15 

7.5 

11  430  00011 

11  313  OOOU 
l 808  000 

7.059U 

7.053U 

6.275 

>6  250  000 

21.1. N 
20.29.N 

21.1. M 

15 

5 

16  903  OOOU  F 
14  629  OOOU 
13  582  OOOU 

7.228UF 

7.165U 

7.132U 

>15  000  000 

U denotes  unbroken  specimen 

F denotes  specimen  examined  and  reported  upon  for  nature  of 
failure 


TABLE  3c  CURRENT  CONTROL  TESTS  i,e,  no  Pre-load  Reference  Figure  3 

SPECIMEN  TYPE  4 D 9/32  d/D  = 3/8  K'  = 2,72 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Loads  to  insert  pins,  small. 


Spec imen 
Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

21. 4. F 

25 

22.5 

29  000 

29  000 

21.4.1 

25 

15 

60  000 

60  000 

21. 4. J 

25 

10 

350  000 

350  000 

21. 4. M 

25 

7.5 

360  000 

360  000 

15 

HUSsU 

148  000 

148  000 

15 

mm 

203  000 

5.308 

203  000 

15 

598  000 

5,776 

598  000 

15 

MM 

13  500  OOOU 

7.130U 

>13  500  000 

U denotes  unbroken  specimen 


SUPPLEMENTARY  INVESTIGATION  No. 3 
PUSH  FIT  PIN  - PIN  LOADED 

TABLE  ^b  O.bO  ft-  PRE-STRESS  Reference  Figure  A 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2  Nominal  = 2.22 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Loads  to  insert  pins,  small 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

23. 2.  H 

23. 2.  B 
23.2.1 

25 

22.5 

34  000 

31  000 

24  000 F 

4.531 

4.491 

4.380F 

29  000 

23. 3.  G 

23. 3.  A 

23. 3.  B 

25 

15 

192  000 
101  000 

69  000 

5.260 

5.004 

4.838 

108  000 

23. 3.  J 

23. 3.  H 

23. 3.  K 

25 

10 

386  000 
173  000 

94  000 

5.586 

5.237 

4.973 

184  000 

O'}  0 T 

iSW.o 

23. 4. A 

25 

7.5 

669  000 
581  000 
536  000 

5.825 

5,765 

5.728 

593  000 

23. 4.  D 

23. 4.  C 

23. 4.  B 

15 

12.5 

443  000 
194  000 
169  000 F 

5,646 

5.288 

5.227F 

234  000 

23. 4.  E 

23. 4.  J 

23. 4.  G 

15 

10 

916  000 
514  000 
423  000 

5.961 

5.710 

5.626 

585  000 

23. 4.  K 
23.4.0 

23. 4.  M 

15 

7.5 

11  111  OOOU 

3 559  OOOF 

1 376  OOOF 

7.045U 

6.408F 

6.138F 

>3  390  000 

23. 5.  H 

23. 5.  B 

23. 5.  E 

15 

5 

11  520  OOOU 

11  000  OOOU 
10  066  OOOU 

7.060U 
7.04 OU 
7.003U 

>10  800  000 

U denotes  unbroken  specimen 

F denotes  specimen  examined  and  reported  upon  for  nature 
of  failure 


TABLE  4c  CURRENT  CONTROL  TESTS  i.e.  no  Pre-load  Reference  Figure  4 

SPECIMEN  TYPE  4 D 3/8  d/D  =1/2  K'  = 2.22 
Tested  at  Cambridge  University 


Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Loads  to  insert  pins,  small. 


Specimen 

Identity 

Stress  Levels 
Percentage 

Cyc les 
to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

23. 6. H 

288  000 

5.460 

23.6.1 

23. 6. J 

25 

22.5 

114  000 

29  000 

5.058 

4.462 

98  300 

23. 6. K 

25 

15 

61  000 

4.784 

61  000 

23. 6. M 

25 

10 

539  000 

5.730 

539  000 

23. 6. N 

25 

7.5 

327  000 

5.513 

327  000 

23.6.0 

15 

12.5 

76  000 

4.880 

76  000 

23.  7. C 

15 

10 

170  000 

5.230 

170  000 

-2  3 . 7 . D 

15 

7.5 

775  000 

5.888 

775  000 

SUPPLEMENTARY  INVESTIGATION  No,  3 
PUSH  FIT  PIN  - PIN  IOADED 

TABLE  4a  0.75  f^.  PRE-STRESS  Reference  Figure  4 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2  Nominal  K'  = 2.22 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore , Speed  7500  c.p.m. 
Loads  to  insert  pins,  small. 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Fai lure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

OTfBl 

25 

22.5 

44  000 

29  000 

2 7 000 

KnMfl 

mbSM 

32  500 

25 

15 

134  000 

81  000 

79  (XX) 

5.126 

4.908 

4.897 

95  000 

22.11. H 

22. 12.  C 

22. 9. M 

25 

10 

246  000 F 
214  000 

181  000 

5.390F 

5.330 

5.257 

212  000 

22. 13. J 

22.12. K 

22.12. D 

25 

m 

760  000 
570  000F 
533  000 

5.880 

5.755F 

5.726 

612  000 

22. 14. E 

22. 17. D 
22.19.0 

15 

12.5 

1 149  000 
445  000 
435  000 

6,060 

5.648 

5.638 

606  000 

22.29.C 
22.20.C 
23.1. A 

15 

10 

1 263  000 

1 028  000 
524  000 

6.101 

6,011 

5.  720 

880  000 

23.1. J 

23.1. H 

15 

7.5 

1 915  000 

1 430  000 

6.155 

6.281 

1 650  000 

23.1. K 

23.1. N 

23.1. L 

15 

5 

29  658  000U 

14  184  000U 

10  320  000U 

7.473U 

7.151U 

7.012U 

>16  300  000 

U denotes  unbroken  specimen 

F denotes  specimen  examined  and  reported  upon  for  nature  of 
failure 


SUPPLEMENTARY  INVESTIGATION  No. 3 

TABLE  7a  0.4°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED  Reference  Figure  5 

0.75  ft-  PRE-STRESS  SPECIMEN  TYPE  4 B 3/16  d/D  = 1/4 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  i65  to  305  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

12.2.  E 

12. 2.  F 
12.1.0 

25 

22,5 

83  000 

49  000 

47  000 

4.920 

4.690 

4.671 

57  700 

12. 2.  J 
12.2.1 

12. 2.  H 

25 

15 

936  000 

204  000 

187  000 

5.970 

5.309 

5.271 

329  000 

12. 2.  L 

12. 2.  M 

12. 3.  E 

25 

10 

11  580  000U 

11  076  000U 

10  017  000U 

7.061U 

7.045U 

7.006U 

>10  900  000 

12.4. M 

12. 4.  J 

12. 4.  A 

15 

12.5 

11  717  000U 
977  000 

955  000 

7.069U 

5.989 

5.980 

>2  230  000 

12. 5.  C 

12. 5.  A 

12. 5.  B 

15 

10 

30  103  OOOU 

12  270  OOOU 

11  520  OOOU 

7.479U 

7.089U 

7.051U 

>16  100  000 

U denotes  unbroken  specimen 


TABLE  5b  0,60  ft  PRE-STRESS  Reference  Figure  5 

SPECIMEN  TYPE  4 B 3/16  d/D  = 1/4 


Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  120  to  225  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

-f  s 

*—  a 

12. 5.  M 

12. 5.  J 

12. 5.  F 

25 

22.5 

37  000 

34  000 

29  000 

4.568 

4.531 

4.462 

33  200 

U.  ?>.  A 

12. 6. G 
12.5.0 

25 

15 

1 94  666 

112  000 

91  000 

5.158 

5.049 

4.958 

125  000 

12. 7.  H 

12. 7.  A 

12. 7.  G 

25 

10 

li  189  OOOU 

2 778  000 

1 375  000 

7.046U 

6 .444 
6.137 

>3  500  000 

12.7. J 

12. 8.  B 

12. 8.  C 

25 

7.5 

15  771  OOOU 

14  230  OOOU 

11  102  OOOU 

7.198U 

7.153U 

7.045U 

>13  600  000 

12. 8.  J 

12. 8.  L 

12. 8.  H 

15 

12.5 

11  022  OOOU 

4 906  000 

2 098  000 

7.042U 

6.691 

6.321 

>4  8 30  000 

12.8.0 

12. 8.  M 

12.9. D 

15 

10 

14  040  OOOU 

10  160  OOOU 

3 253  000 

7.147U 

7.005U 

6.513 

>7  750  000 

12.10. F 

12.  10. G 

12. 10,  E 

15 

7.5 

21  060  OOOU 

11  250  OOOU 

10  164  OOOU 

7.324U 

7.050U 

7.006U 

>13  450  000 

U denotes  unbroken  specimen 
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SUPPLEMENTARY  INVESTIGATION  No.  3 

TABLE  5c 

0 , 4° / o INTERFERENCE  FIT  PIN  - PIN  L0A0E0 

Reference  Figure  5 

fauanildldm 


at  Cambridge  University 
g Machine  - 2 Ton  Amsler 
of  loads  to  insert  pins  - 


Stress  I. eve  Is 
Percentage  f t 


Cyc les 
to 

Failure 


16  000 
44  000 
1 3 1 000 
I 002  000 


1*9  000 
165  000 
89  000 

534  000 
I 488  000 


Logarithm 
Cycles  to 
Failure 


Geome  trie 

Mean 

Cycle 

s 

16 

000 

44 

000 

131 

000 

l 002 

000 

149 

000 

j-  120 

500 

5 34 

000 

1 488 

000 

SPECIMEN  TYPE  4 0 9/  32  d/I)  = 3/8 


Reference  Figure  6 


Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  285  to  440  lb. 


Specimen 
Ident i ty 


.5. 
.5. 

21. 5. K 


21.6.0 
21. 6.  E 
21. 6.  C 


21 .6. H 
21  .6. G 
21.6.1 


21.14. J 

21.14. K 
21.6.0 


2 I. 7.0 

21. 7.  B 

21. 7.  C 


mm 

+s 

— a 

25 

22.5 

25 

15 

25 

10 

25 

7.5 

15 

12.5 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cyc les 

78  000 

55  000 

31  000 

4.891 

4.  740 
4.490 

51  000 

236  000 

181  000 

76  000 

5.373 

5.257 

4.880 

148  000 

11  159  000U 

1 0 ] 78  000U 

6 024  000 

7.046U 

7.006U 

6.780 

>8  800  000 

10  278  000U 
10  185  00011 
10  140  000U 

7.012U 
7.00  7U 
7.006U 

>10  200  000 

15  269  000U 
10  229  OOOU 
10  171  OOOU 

7.183U 

7. 01011 
7.006U 

>11  650  000 

Reference  Figure  1 


^UPPl  EMENTARY  INVESTIGATION  No.  3 
0,  -f°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED 
TApl.t  jb  0.00  ft-  PKE- STRESS 

SPECIMEN  TYPE  -t  0 9/ )2  d/0  = 3/8 

Tested  at  Cambridge  University 
Testing  Machine  - 2 Ton  Amsler  Vibrophore.  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  265  to  440  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

m 

+s 

— a 

21. 7.  H 

21. 7.  F 

21. 7.  C 

25 

22,5 

72  000 

43  000 

4 3 000 

4.856 

4.633 

4.633 

51  000 

21. 7.  K 

21. 7.  L 

21. 7.  J 

25 

15 

143  000 
143  000 
120  000 

5.164 

5.164 
5,078 

136  500 

21. 7. N 

21. 14,  L 

21.14. M 

25 

10 

1 118  000 
804  000 
224  000 

6.045 

5.905 

5.349 

585  000 

21. 8.  B 

21. 8.  D 

21. 8.  A 

25 

7.5 

2 487  000 

2 171  000 

1 318  000 

6.394 

6.336 

6.118 

1 925  000 

21.8.1 

21 .8.  G 

21. 8.  H 

15 

12.5 

1 001  000 
816  000 

51 7 000 

6.001 

5.912 

5.712 

750  000 

21. 8.  K 

21. 8.  L 

21. 8.  M 

15 

10 

10  448  OOOU 
10  343  OOOU 
10  166  OOOU 

7.019U 

7.012U 

7.006U 

>10  300  000 

U denotes  unbroken  specimen 


TABLE  be  CURRENT  CONTROL  TESTS  i.e.  no  Pre-load  Reference  Figure  6 

SPECIMEN  TYPE  4 D 9/32  d/D  = 3/8 
Tested  at  Cambridge  University 


Testing  Machine  - 2 Ton  Amsler  Vibrophore  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  330  to  440  lb 


Specimen 
Ident i ty 

Stress 

Percent 

s 

m 

Leve  1 s 
age  ft 

+s 

— a 

Cycles 

to 

Fai lure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

21.7.1 

21.5.0 

25 

22.5 

81  000 

61  000 

4,907 

4.785 

70  300 

21,6.i- 

21. 7.  M 

25 

15 

326  000 
274  000 

5.513 

5,436 

298  000 

21. 6.  L 
21.7.0 

25 

10 

3 526  000 
468  000 

6,546 

5,6  70 

1 280  000 

21. 7.  A 

21. 8.  F 

25 

7.5 

10  168  OOOU 

1 339  OOOX 

7.002U 

6.125X 

>3  660  000 

21  .8. J 

21. 7. F. 

15 

12.5 

10  473  OOOU 
10  210  OOOU 

7,021 U 
7.009U 

■ >10  350  000 

21. 8. N 

15 

10 

20  387  OOOU 

7.307U 

>20  387  000 

denotes  unbroken  specimen 
specimen  failed  away  from  hole 


SUPPLEMENTARY  INVESTIGATION  No. 3 ) 

72  0. 4^/0  INTERFERENCE  FIT  PIN  - PIN  LOADED 

TABLE  7a  0,75  PRE-STRESS  Reference  Figure  ' 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Ampler  Vibrophore,  Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins  195  to  460  lb  » 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cyc ies 
to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

22.18. D 
22.17.0 

22.18. C 

25 

22.5 

633  000 
583  000 
215  000 

5.801 

5.765 

5.332 

430  000 

22. 18.  G 

22.18. L 

22. 18.  H 

25 

15 

l 627  000 
522  000 
454  000 

6.210 

5.718 

5.656 

728  000 

IH 

25 

10 

16  831  000U 

1 611  000 

1 595  000 

7.226U 

6.206 

6.202 

>3  500  000 

22. 19.  L 

22.19. E 

22.19. F 

25 

7.5 

18  780  000U 
10  044  000U 

3 456  000 

7.273U 

7.002U 

6.537 

>8  660  000 

22.25.0 

22.25.L 

22. 20. F 

15 

12.5 

21  170  000U 
10  000  000U 

2 644  000 

7.326U 

7. OOOU 
6.420 

>8  230  000 

22.20. J 

22 . 20.  H 
22.20.1 

15 

10 

14  888  OOOU 
10  445  OOOU 
10  177  OOOU 

7.172U 

7.020U 

7.003U 

>11  610  000 

U denotes  unbroken  specimen 


TABLE  7b  0,60  ft-  PRE-STRESS  Reference  Figure  " 

SPECIMEN  "YPE  4 D 3/8  d/D  = 1/2 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 


Range  of  loads  to  insert  pins  290  to  485  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft- 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

C 

m 

+s 

— a 

22.21. F 

22.21. G 

22 .21 . J 

25 

22.5 

1 545  000 

1 420  000 
224  000 

wtfll 

790  000 

22.21. M 

22.21. L 

22.21. N 

25 

15 

11  413  OOOU 

11  331  OOOU 
10  800  OOOU 

7.056U 

7.053U 

7.033U 

>11  160  000 

U denotes  unbroken  specimen 


TABLE  7c  CURRENT  CONTROLS  i.e,  no  Pre-load  Reference  Figure 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins  320  to  440  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

22.18.F 

22.21.K 

25 

22.5 

10  145  OOOU 
849  000 

7.004U 

5.928 

>2  940  000 

22.18.N 

22.21.0 

25 

15 

21  890  000 

10  870  OOOU 

KSE3H 

■Am 

>15  600  000 

FfflW 

25 

mm 

12  640  OOOU 

11  093  OOOU 

7.100U 

7.045U 

>12  b40  000 
>11  093  000 

15 

1275 

10 

10  350  OOOU 

15  197  OOOU 

7.012U 

7 , 1 SOU 

>10  350  000 
>15  197  000 

U denotes  unbroken  specimen 


SUPPLEMENTARY  INVESTIGATION  No . 3 73 

TABLE  8a  0,5  /o  INTERFERENCE  FIT  PIN  - PIN  LOADED  Reference  Figure 

0,75  f,-  PRE- STRESS  SPECIMEN  TYPE  4 B 3/16  d/D  = 1/4 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins,  330  to  500  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

12. 11. A 

5 3 000 

12.7.0 

25 

22.5 

31  000 

■HH 

32  000 

12. 7. N 

20  000 

12.12.M 

1 012  000 

6.001 

12. 12. B 

25 

15 

143  000 

5.155 

207  000 

12 . 12 .C 

62  000 

4.792 

12.1.J 

11  284  000U 

7.052U 

12.1.H 

25 

10 

11  061  000U 

7.043U 

>8  100  000 

12.1.1 

4 272  000 

6.630 

12. 3. C 

11  860  000U 

7.074U 

12. 3. A 

25 

7.5 

11  578  000U 

7.063U 

>11  300  000 

12.1.L 

11  373  OOOU 

7.054U 

12. 3. N 

12  028  OOOU 

7.081U 

12.4.1 

15 

12.5 

11  710  OOOU 

7.068U 

>10  930  J00 

12. 2. C 

9 241  000 

6.965 

12. 6. E 

19  342  OOOU 

7.285U 

12. 6. F 

15 

10 

14  158  OOOU 

7.160U 

>14  800  000 

12. 6. D 

11  560  OOOU 

7.06  311 

U denotes  unbroken  specimen 


TABLE  8b  0.60  f,-  PRE-STRESS  Reference  Figure.  8 

SPECIMEN  TYPE  4 B 3/16  d/D  = 1/4 


Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins,  330  to  485  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

12. 9.  B 

12. 9.  A 

12. 7. F 

25 

22.5 

44  000 
40  000 

11  000 

26  800 

12. 9.  H 
12.9.1 

12. 9.  C 

25 

15 

294  000 
194  000 
124  000 

5.467 

5.288 

5.093 

192  000 

12.12. K 

12.12. L 
12.  2. A 

25 

10 

1 949  000 

1 281  000 
b30  000 

6.289 

6 , 106 
5.800 

1 160  000 

12. 2.  B 

12. 3.  K 

12. 3.  J 

25 

7.5 

10  507  OOOU 
10  488  OOOU 

1 516  000 

7.02 1U 
7.020U 
6.180 

>5  500  000 

12. 3.  L 
12.3.0 

12. 3.  M 

15 

12.5 

11  750  OOOU 
11  083  OOOU 

2 463  000 

7.069U 

7.045U 

6.390 

>6  820  000 

9. 11.  A 

9.11. E 

12. 5. G 

15 

1 

10 

I 

15  198  OOOU 
11  113  OOOU 
11  061  OOOU 

7.180U 

7.045U 

7.043U 

>12  250  000 

U denotes  unbroken  specimen 
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TABLE 


TABLE 


SUPPLEMENTARY  INVESTIGATION  No. 3 
0,8°/ o INTERFERENCE  FIT  PIN  - PIN  LOADED 
Sc  CURRENT  CONTROLS  i.e.  no  Pre-Loai  Reference  Figure  8 

SPECIMEN  TYPE  4 B 3/16  d/D  = 1/4 
Tested  at  Cambridge  University- 

Testing  Machine  - 2 Ton  Amsler  Vibrophore , Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins,  330  to  425  lb 


Specimen 

Identity 

Stress 

Percent 

s 

m 

Levels 
age  ft 

+s 

— a 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

~~~ 

Geometric 

Mean 

Cycles 

12. 12. A 

12.1. C 

12.1. K 

12. 3.  B 

25 

m 

13  000 

92  000 
250  000 
872  000 

4.113 

4.954 

5.398 

5.840 

13  000 

92  000 
250  000 

872  000 

1 Mill  M 

mBSSSM 

15 

■BM 

HBUW 

U denotes  unbroken  specimen 


9a  0.75  ft  PRE-STRESS  Reference  Figure  9 

SPECIMEN  TYPE  4 D 9/32  d/D  = 3/8 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins,  500  to  800  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 

Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

21.9. B 

21. 9.  A 

21. 9.  C 

25 

22.5 

94  000 

76  000 

59  000 

4.972 

4.880 

4.770 

75  000 

21.9.1 

21. 9.  J 

21. 9.  H 

25 

15 

277  000 

243  000 

227  000 

5.442 

5.385 

5.356 

248  000 

21.9.0 

21. 9.  N 

21. 9.  L 

25 

10 

14  603  OOOU 

2 143  000 

1 559  000 

>3  650  000 

21 . 10.  C 

21.10. B 

21.10. F 

25 

n 

19  628  OOOU 

11  275  OOOU 

10  287  OOOU 

7.294U 

7.052U 

7.012U 

>13  150  000 

21.10. H 
21.10.1 

21. 10,  J 

15 

12.5 

6 008  000 

3 222  000 

579  000 

6.783 

6.507 

5.742 

2 240  000 

21.10.  L 

21.10. M 

21. 10.  N 

15 



10 

10  270  OOOU 

10  159  OOOU 

10  084  OOOU 

7.012U 

7.006U 

7.002U 

>10  200  000 

U denotes  unbroken  specimen 


I 

V 

I 

SUPPLEMENTARY  INVESTIGATION  No. 3 

Q.8°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED  75 

I AB L E 9b  0.60  f^.  PRE-STRESS  Reference  Figure  9 

SPECIMEN  TYPE  4 D 9/32  d/D  = 3/8 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins,  580  to  715  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

21. 11  .C 

21.11. G 

21. 11.  A 

25 

22.5 

748  000 
176  000 
170  000 

5.873 

5.245 

5.230 

282  000 

21.11.1 

21.11. J 

21.11. L 

25 

15 

10  343  OOOU 
10  181  OOOU 

3 063  000J 

7.01 3U 
7.007U 

6 . 485 J 

>6  850  000 

21.11. N 

21. 12.  A 
21.11,0 

25 

10 

32  876  OOOU 
10  283  OOOU 
10  179  OOOU 

7.516U 

7.012U 

7.007U 

>15  100  000 

21.12. E 

21.12. D 

21.12. C 

15 

12.5 

10  634  OOOU 
10  275  OOOU 
10  092  OOOU 

7.028U 

7.012U 

7.004U 

>10  350  000 

U denotes  unbroken  specimen 

J denotes  failed  at  Jaws 


TABLE  9c  CURRENT  CONTROLS  i.e.  no  Pre-load  Reference  Figure  9 

SPECIMEN  TYPE  4 D 9/32  d/D  = 3/8 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 

Range  of  loads  to  insert  pins,  560  to  800  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

s 

m 

+s 

— a 

21.11.H 

21. 9.  F 

2 5 

22.5 

3 644  000 

2 371  000 

6.560 

6.375 

2 940  000 

21. 9. K 

21. 11  .M 

25 

15 

5 591  000 J 

2 938  000 

6 , 746 J 
6.466 

4 050  000 

21. 10. A 
21.12.B 

25 

10 

10  437  OOOU 
in  008  OOOU 

7.020U 

7.001U 

>10  250  000 

21.10.G 

25 

7.5 

10  425  OOOU 

7.01SU 

>10  425  000 

21.10.K 

21.12.F 

15 

12.5 

19  737  OOOU 
11  369  OOOU 

7.295U 

7.054U 

>15  000  000 

21.10.0 

15 

10 

6 758  0001 

6.8291 

>6  758  000 

U denotes  unbroken  specimen 

J denotes  failed  at  Jaws 

I denotes  specimen  fractured  at  a line  of  an  inclusion 
and  not  at  the  pin  hole. 
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TABLE 


TABLE 


SUPPLEMENT ATY  INVESTIGATION  No. 3 
0 , 8°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED 
10a  0.75  f,-  PKE- STRESS  Reference  Figure  10 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2 
Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c,p,m. 

Range  of  loads  to  insert  pins,  640  to  825  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  ft 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Me  an 
Cycles 

s 

m 

+s 

— a 

22.13. N 
22.26  .H 

22.13. L 
22.13.1 

25 

22.5 

13  658  000U 

11  142  000U 
10  173  000U 

2 517  000J 

7.135U 

7.046U 

7.005U 

6 . 400J 

>7  900  000 

22. 23.  J 
22.13.0 

22.23. K 

25 

15 

15  504  000U 
11  490  000U 
11  293  000U 

7.190U 

7.060U 

7.052U 

>12  600  000 

22.23. N 

22.23. L 

22.23. M 

15 

12.5 

31  970  000U 
12  551  OOOU 
10  110  OOOU 

7.505U 

7.096U 

7.005U 

>16  000  000 

U denotes  unbroken  specimen 

J denotes  specimen  failed  at  jaws 


10b  0.60  ft  PRE- STRESS  Reference  Figure  10 

SPECIMEN  TYPE  4 D 3/8  d/D  = 1/2 


Tested  at  Cambridge  University 

Testing  Machine  - 2 Ton  Amsler  Vibrophore,  Speed  7500  c.p.m. 
Range  of  loads  to  insert  pins,  690  to  815  lb 


Specimen 

Identity 

Stress  Levels 
Percentage  f,. 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

s 

m 

+s 

— a 

Me  ati 

Cycles 

22 . 24. B 
22.23.D 

25 

22.5 

12  158  OOOU 
12  010  OOOU 

7.084U 

7.080U 

>11  650  000 

22.24.C 

10  802  OOOU 

7.033U 

U denotes  unbroken  specimen 
NOTE 


There  were  no  current  controls  tested  for  this  configuration 
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SUPPLEMENTARY  INVESTIGATION  No. 3 
TABLE  1 3a  PRE-LOADED  SPECIMEN  PUSH  FIT  PIN  - PIN  LOADED 

S WITH  PRE-LOAD 

VALUES  OF  RATIO:  S " WITHOUT  PRE-LOAD  F°R  G1VEN  ENI™CE 
MEAN  STRESS  = 0.25f® 


d/D 

1/4 

3/8 

1/2 

Pre-stress 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

0.75  ft 

0.60  ft 

N 

Cycles 

3 x 10^ 

1.50 

1.20 

1.18 

0.95 

0.95 

0.90 

105 

2.03 

1.46 

1.49 

1.17 

0.80 

0.76 

3 x 105 

2.35 

1.65 

1.83 

1.45 

0.70 

0.65 

io6 

2.55 

1.  76 

2.00 

1.56 

0.65 

0.63 

3 x 106 

2.60 

1.84 

2.23 

1.75 

0,78 

0.73 

107 

2.70 

2.10 

2.68 

2.10 

- 

a 

3 x 104 

1.5 

1.2 

1.2 

0.95 

0.95 

0.90 

to 

to 

to 

to 

to 

to 

to 

1 

io7 

2.7 

2.1 

2.7 

2.1 

0.65 

0.65 

TABLE  1 3b  MEAN  STRESS  = 0.15  ft 
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0. 4°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED  0<8°/o  INTERFERENCE  FIT  PIN  - PIN  LOADED 

S WITH  PRE-LOAD  s W1TH  pre-LOAD 

VALUES  OF  RATIO:  - .,ITH0UT  PRE-LOAD  F0R  GIVEN  ENDURANCE  VALUES  OF  RATIO:  s StThOUT  W- LO^H  F°R  GIVEN  ENDURANCE 
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SUPPLEMENTARY  INVESTIGATION  No. 4 

THE  EFFECT  OF  TRANSMISSION  OF  LOAD  BY  CLAMPING 

j_j INTRODUCTION 

It  is  general  engineering  practice  for  structural  joints  with  bolts  in  shear  - 
as  distinct  from  moving  joints  in  a mechanism  - to  tighten  the  bolts  against  the 
joint  plates.  The  degree  of  tightening  may  vary  considerably  but  is  seldom 
negligible.  If  it  is  controlled  and  maintained,  the  frictional  forces  thus 
created  may  be  used  to  transmit  some  or  all  of  the  load  applied  to  the  joint. 

A programme  of  tests  on  specimens  with  controlled  bolt  pretension  giving 
resultant  clamping  of  the  joint  plates  was  therefore  evolved  to  assess  the  value 
of  the  clamping. 

2 , NOTATION  (Units  are  lb  and  inches  throughout) 

The  following  notation  is  taken  from  the  Stage  1 report,  and  is  applicable  to  the 
present  tests  - 


d 

D 

f. 


Kt 


N 

S 


= Nominal 

= Width  of  parallel  section  of  test  specimen 

= Average  Tensile  strength  of  plate  material  (from  tests) 

= Average  0.2°/o  Proof  Stress  of  plate  material  (from  tests) 

= Geometric  Stress  Concentration  factor  based  on  net  area  of  cross 

section  of  test  specimen 

= Endurance 

- Mean  Stress  on  net  area 


Alternating  Stress  on  net  area  associated  with  Si 
Thickness  of  plate  specimen 


m 


I 


I 


r.  * ' 


k 


3. 


THE  TEST  PROGRAMME 


3,  L Test  Specimens 

The  Loaded  pin  form  of  joint  was  chosen,  using  the  shapes  of  the  large  type  "B" 
test  specimen  of  Stage  i,  but  with  rounded  ends.  For  details  of  the  test 
specimens  see  Figure  1 of  this  report.  Only  one  nominal  size  of  pin  hole  was 
chosen,  namely  3/4  in  diameter,  leading  to  d/D  = 3/8  for  all  tests.  The 
material  of  the  plates  was  aLuminium  alloy  to  British  Standard  Specification 
L71 , as  before,  but  not  from  the  same  batch  of  material  as  that  used  for  all  the 
Stage  1 tests,  A 3/4  in  diameter  B.S,  S96  steel  bolt  was  used  instead  of  a 
plain  pin  as  in  Stage  1,  and  with  a standard  mild  steel  washer  in  most  cases, 
but  in  a few  tests  a specially  designed  washer  was  used,  with  a 1-^  in 
diameter  counterbore  on  the  faying  surface  (See  Figure  1).  The  choice  of  a 
relatively  large  bolt  was  made  to  ensure  an  adequate  clamping  pressure,  and  the 
special  washer  to  increase  further  the  clamping  area. 


3.2 Bolt  Pre-tension 


Three  groups  of  similar  specimens  were  made,  each  group  having  a different 
degree  of  bolt  pre-tension.  The  values  chosen  were  70°/o,  85°/o  and  100°/o  of 
the  0.2 °/o  proof  strength  of  the  bolt  giving  clamping  loads  of  29  600  lb, 

36  000  lb  and  42  300  lb  respectively.  For  convenience  in  this  report  reference 
is  generally  made  to  the  percentage  bolt  pre-tensions  rather  than  to  the  actual 
clamping  loads.  Some  initial  tests  were  made  with  a bolt  pre-tension  to  only 
40°/o  of  the  bolt  proof  strength,  but  joint  slip  occurred  at  a very  early  stage 
and  so  the  minimum  bolt  pre-tension  was  raised  to  70°/o  for  the  main  programme. 
(For  further  comment  see  paragraph  5.2). 

The  prescribed  amounts  of  bolt  pre-tension  were  controlled  by  micrometer 
measurements  of  bolt  extension,  to  pre-de te rmined  values  obtained  from 
appropriate  stress-strain  curves,  derived  from  actual  tests  on  nominally 
identical  bolt  assemblies  - see  Appendix  to  this  report.  This  procedure  was 
considered  to  be  more  accurate  than  that  of  inferring  bolt  tensions  from 
applied  bolt  torque  readings.  However,  the  latter  method  can  be  used  if 
preferred  and  Data  Item  72022  gives  relevant  information, 

3.3  Bolt  Fit 


The  bolts  were  made  to  a tolerance  of 


-0.0002  in 
-0.0007  in 


The  majority  of  specimens  were  manufactured  with  a push  fit,  the  hole  diameter 


being  0,75  in 


+0.0007  in 
-0,0005  in 


but  a few  specimens  were  made  with  a large  clearance 


fit,  the  hole  diameter  being  0.8125  in,  i.e.  0,0625  in  nominal  clearance  on 
diameter.  Care  was  taken  during  assembly  by  means  of  a jig  to  ensure  that  the 
bolt  was  concentric  with  the  hole  in  the  plate. 


" - - - ' -■ 


1 

I 

* 


I 


i 
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For  comparison,  it  may  be  noted  that  in  Stage  1 of  this  research  the  push  fit 

tolerances  were  achieved  by  selective  assembly  to  a standard  of  +0,0003  in,  and 

, r , . t . , . , +0.004  in 

the  clearance  fit  specimens  were  to  a standard  of  , . 

+0 . 000  in 


3.4 


Assembly  Treatment 


All  specimens  in  Stage  1 were  protected  from  corrosion  during  pre-assembly 
storage  by  a strippable  lacquer  and  then  wrapped  in  brown  paper,  but  on  assembly 
these  were  removed  and  replaced,  prior  to  testing,  by  a thin  coat  of  lanolin 
grease , 

The  specimens  used  in  the  present  investigation  were  manufactured,  assembled  and 
tested  under  laboratory  conditions  without  a time  interval  for  storage.  As  far 
as  can  be  ascertained  they  were  all  degreased  before  assembly  and  then  subjected 
to  one  of  the  following  treatments  - 

(a)  left  dry, 

(b)  assembled  with  lanolin  grease, 

(c)  assembled  with  "Thiokol"  tank  sealant  between  mating  surfaces, 

and  then  painted  overall  with  "Thiokol"  after  assembly,  or 

(d)  assembled  with  "Duralac"  primer  between  mating  surfaces,  and 
then  painted  overall  to  standard  aircraft  requirements  after 
assembly. 

3.5 Test  Programme  and  Stress  Levels 

The  tests  were  carried  out  by  Messrs  Short  Brothers  and  Harland,  Belfast,  using  a 
20  ton  Avery  Schenck  Fatigue  testing  machine,  and  testing  at  2000  c.p.in, 

2 

Only  one  level  of  mean  stress  was  employed,  namely  14  000  lb/in  , (earlier  tests 

2 7 

at  S =12  000  Ib/in  had  indicated  that  endurances  would  be  beyond  10  cycles 
m 2 

in  far  too  many  cases).  Alternating  stresses  ranged  from  11  000  lb./ in  down  to 

4 000  lb/in2. 


In  general  only  two  specimens  per  combination  of  stress  level,  treatment  and 
conf iguration  were  tested,  as  it  was  hoped  that  the  variation  in  assembly 
treatment  would  have  a much  smaller  effect  on  endurance  than  would  the  main 
feature  of  the  tests,  namely  clamping  by  means  of  bolt  pre-tension.  The  results 
proved  this  to  be  so.  All  the  important  variants  of  the  programme  are  summarised 
in  Table  1. 


It  may  be  noted  that  in  the  absence  of  a control  test  result  on  the  particular 

batch  of  L71  plate  used  for  these  tests,  it  is  not  unreasonable  for  purposes  of 

comparison  with  Stage  1 to  assume  that  the  value  of  ft  for  the  plate  is  the 

2 

same  as  the  average  value  used  for  the  Stage  1 material,  namely  69  400  lb/in  , 

This  leads  to  the  following  values  of  S /f_  and  S /f.  (to  the  nearast  0,0051, 

m t At 


gMKWC 
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s 

m 

= 

14 

000 

lb/ in2 

(for  all  tests) 

S/f. 
m t 

= 

14 

O 

O 

4> 

O 

c 

= 0.20  approximately 

S 

a 

= 

11 

000 

lb/ in2 

S /f  = 0.160 

a t 

S 

a 

= 

10 

000 

lb/ in2 

S /f  = 0.145 

a t 

S 

a 

= 

9 

(XX) 

lb/in2 

S /f  = 0.130 

a t 

S 

a 

= 

8 

000 

lb/ in2 

S /f  = 0.115 
a t 

S 

a 

= 

•7 

000 

lb/in2 

S /f  = 0.100 

a t 

S 

a 

= 

6 

000 

lb/ in2 

S /f  = 0.085 

a t 

S 

a 

= 

5 

000 

lb/in2 

S /f  = 0.070 

a t 

S 

a 

= 

4 

000 

lb/in2 

S It,  = 0,060 
a t 

4. 

RESULTS 

4.1 

The  Tables 

Tables  2,  3 and  4 present  all  the  resulting  endurances  for  tests  on  specimens 
with  bolt  pre-tensions  of  70°/o,  83°/o  and  100°/o  bolt  proof  strength 
respectively.  Within  each  table  they  are  arranged  in  the  same  order  of 
configuration  as  listed  in  Table  1.  It  should  be  noted  that  it  is  only  in  the 
group  at  70°/o  bolt  pre- tension  that  specimens  were  tested  in  the  two 
configurations,  numbers  5 and  8,  i.e.  Type  65004,  push  fit  pin,  and 
Type  65006,  clearance  fit  pin,  both  assembled  with  Duralac,  and  the  special 
washers.  The  tests  in  these  two  configurations  were  added  at  a late  stage  in 
the  programme  to  augment  the  data  already  received. 

In  the  majority  of  tests,  the  specimens  failed  through  the  section  at  the  bolt 
hole.  Where  this  was  not  so,  appropriate  footnotes  have  been  added  to  the 
tables. 

4 , 2 The  Figures 

Graphical  presentations  of  the  results  are  given  on  the  following  figures. 

Figure  2a  shows  the  results  of  all  the  tests  on  specimens  with  push  fit  pins 
and  70°/o  bolt  pre-tension,  while  Figure  2b  shows  the  results  for  all  the 
specimens  with  clearance  fit  pin  and  70°/o  bolt  pre-tension  (Reference  Table  2). 

Figure  3a  and  3b  present  similarly  the  results  of  all  the  tests  on  specimens 
with  85°/o  bolt  pre-tension  (Reference  Table  3). 

Figures  4a  and  4b  present  the  results  of  all  the  tests  on  specimens  with  100°/o 
bolt  pre-tension  (Reference  Table  4). 


I 
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In  addition,  each  figure  shows  the  relevant  endurance  curves  from  Stage  1 for 

S / f = 0.15  for  both  push  fit  pin,  pin  loaded  and  for  0.4°/o  interference  fit 
m t ^ 

pin,  pin  loaded,  in  order  that  comparisons  may  be  made  with  the  present  tests  at 
S /f^  = 0.20  (see  Stage  1,  Appendix  C,  Figures  C.ll  and  C.12), 

Figures  5a,  5b  and  5c  give  re-arranged  presentations  of  all  endurance  curves  for 

this  supplementary  investigation,  in  order  to  facilitate  a better  appreciation  , j 

of  the  relative  merits  of  the  three  d<grees  of  bolt  pre-tension  and  also  of  the 

other  variants  included  in  the  investigation.  The  choice  of  grouping  of  the 

curves  in  these  last  three  figures  has  been  governed  entirely  by  considerations 

of  clarity  of  presentation.  Curves  ate  identified  by  the  number  of  the 

configuration  coupled  with  the  percentage  bolt  pre-tension,  e.g.  4/100  represents  < 

o ...  ' 

configuration  No, 4 with  100  /o  bolt  pre-tension,  and  configuration  No. 4 is  for 
specimen  type  65004  assembled  with  Dura  lac  with  a push  fit  pin  and  standard 
washer, 

( 

1 

4 . I examination  of  Specimens 

A selected  number  of  specimens  were  dismantled  and  examined  in  detail  in  Older  to 
determine  the  extent  and  location  of  fretting,  the  condition  of  the  Duralac  where 
applied,  and  to  consider  the  influence  of  these  features  on  the  endurances 
achieved. 

Tables  6a,  6b  and  6c  record  the  evidence  so  found  from  specimens  with  70°/o,  85°/o 
and  100°/o  bolt  pre-tension  respectively. 

Table  7 summarises  the  mean  endurances  for  the  various  groups  of  these  specimens 
which  were  examined,  and  quotes  ratios  of  mean  endurance  for  comparisons  between 
different  treatments,  pin  fits  and  degrees  of  clamping.  ✓ 

5_. DISCUSSION  OF  RESULTS 

5 . I General  Observations 

A broad  study  of  Figures  2a  to  4b  inclusive  shows  that  there  are  quite  a number  of 

test  specimens  which  were  unbroken  at  10 ' cycles.  This  has  led  to  a little 

difficulty  in  drawing  accurate  endurance  curves  in  some  instances.  It  may  be  that 

the  optimum  choice  of  mean  stress  for  this  limited  investigation  should  have  been 

2 

0.25  ft  i.e.  17  400  lb/in  . On  the  other  hand,  the  modern  requirement  for  long 

fatigue  lives  leads  to  lower  design  stresses  than  hitherto  and  0.20  ft  or 
2 

14  000  lb/in  mean  stress  is  not  uncommon,  for  L71  material.  However,  experience 
and  a uniform  standard  of  judgement  has  produced  a reasonable  set  of  endurance 
curves  for  the  test  loadings. 


k 
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The  most  important  observation  is  that,  whatever  the  degree  of  bolt  pre-tension 
(within  the  range  considered)  and  whatever  the  assembly  treatment,  all  the 
results  of  these  tests  yield  endurances  very  much  greater  than  those  for 
specimens  with  unclamped  push  fit  pins  under  the  same  loading,  and  still 
significantly  greater  than  the  corresponding  0,4°/o  interference  fit  pin 
configuration.  It  would  appear  therefore  that  a comparative  cost  effectiveness 
exercise,  including  the  checking  and  maintaining  of  the  bolt  pre- tensions , is 
justified  before  resorting  to  interference  fit  pins  in  multi-bolted  joints,  with 
a high  degree  of  load  transmission.  It  is  realised  of  course  that  the  majority 
of  all  structural  joints  automatically  incorporate  some  bolt  tightening,  but 
the  resulting  clamping  effect  cannot  be  relied  upon  unless  the  degree  of  bolt 
tightening  is  adequate  and  is  controlled  and  recorded,  and  then  subjected  to 
subsequent  periodic  checks. 

Notwithstanding  the  above  remarks,  there  are  noticeable  differences  between  the 
endurances  resulting  from  the  three  degrees  of  clamping  and  also  from  the  other 
variants,  and  all  of  these  will  be  considered  first,  after  which  a more  detailed 

comparison  will  be  made  between  the  endurances  for  the  clamped  specimens  with 

% 

the  bolts  at  70  /o  bolt  pre-tension  and  the  Stage  1 push  fit  and  interference 
fit  joints. 

5 . 2 Degree  of  Clamping  (As  indicated  by  bolt  pre-tension, 

Reference  Figures  5a,  5b  and  5c) 

Each  curve  presents  the  mean  endurances  over  a range  of  alternating  stresses 
for  a particular  configuration  at  a stated  degree  of  clamping  and  the  effect  of 
the  variation  of  this  clamping  is  best  described  by  the  relative  positions  and 
slopes  of  the  endurance  curves.  To  this  end  the  following  tabular  statement  is 
given.  The  two  columns  of  comments  describe  the  changes  due  to  increasing  the 
bolt  pre-tension  from  70°/o  to  85°/o  and  from  85°/o  to  100°/o, 

Increase  of  slope  is  clearly  not  favourable  and  probably  indicates  excessive 
fretting. 


It) 


Bolt 

Pre-tension ^70°/o  85°/o  100°/o 

Configuration 


Numbe  r | 

1 

No  significant 

No  significant 

change 

change 

2 

Small  reduction 

Significant  increase 

of  slope 

of  er  durance 

3 

Small  reduction 

Significant  increase 

of  slope 

of  slope 

4 

Small  reduction 

Significant  increase 

of  endurance 

of  endurance  as  S 
decreases 

6 

Significant 

Return  to  order  of 

increase  of  slope 

endurance  for  70°/o 
bolt  pre-tension 

7 

No  significant 

No  significant 

change 

change 

NB 


There  are  insufficient  data  for  configurations  Nos.  5 and  8 to  enable  simiUr 
comments  to  be  made. 

Reviewing  the  foregoing  observations,  it  would  appear  that  for  this  limited 
range  of  tests,  specimens  with  a clamping  load  equivalent  to  a 70°/o  bolt  pre- 
tension generally  gave  better  results  than  those  with  either  85°/o  or  100°/o. 
Nevertheless,  it  is  logical  to  assume  that  the  clamping  effect  depends  upon  other 
factors  besides  bolt  pre-tension,  e.g.  coefficient  of  friction,  surface  finish 
or  treatment,  bolt  head  and/or  washer  size,  and  upon  plate  and  washer 
stiffnesses.  Moreover  only  a few  preliminary  tests  were  made  with  bolt  pre- 
tensions less  than  70°/o  bolt  proof  strength  and  although  U0°/o  proved  to  be  too 
low  it  could  be  that  (say)  60°/o  would  have  proved  in  these  tests  to  have  been 
optimum.  It  should  be  noted  that  the  application  of  I00°/o  bolt  pre-tension 
proved  in  practice  to  be  extremely  difficult  to  achieve. 

Therefore  the  present  test  programme  should  not  be  regarded  as  a general 
indication  of  the  behaviour  of  all  types  of  bolted  joints,  and  in  a particular 
application  one  would  be  advised  to  explore  a range  of  clamping  loads,  and 
variations  of  other  physical  characteristics  such  as  those  noted  above,  before 
finalising  on  the  solution  of  the  problem. 
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5.  * 

The 

figu 


For 

(e.g 


Assembly  Treatment  (Reference  Figures  2a,  3a  and  4a) 

relative  merits  of  the  four  assembly  treatments  are  shown  in  these  three 


res  for  each 

of 

the  three  bol 

t pre- tensions 

Curves 

1 

Dry 

Curves 

2 

Grease 

to  DTD  825 

Curves 

3 

Thiokol 

fuel  tank  sealant  to 

DTD 

900/4610 

Curves 

4 

Duralac 

to  DTD  369  and  painted  to 

DTD  5555 

overall 

these  four  c 

on  f i 

gurations  all 

other  variables  have 

been 

kept  constant 

. all  are  push  fit  with  standard  washers). 


It  is  clear  that  Configuration  No. 4 - Duralac  assembly  and  painted  overall  - is 
superior  to  all  the  others  tested,  and  consistently  so  for  all  three  degrees  of 
bolt  tension.  There  is  a slight  element  of  uncertainty  in  regard  to  specimens 
assembled  with  Thiokol,  partly  because  none  were  tested  at  alternating 
stresses  above  8 000  lb/in^  and  partly  because  practically  all  unbroken 
specimens  were  not  tested  beyond  10^  cycles.  Nevertheless,  there  does  seem  to 
be  sufficient  evidence  to  support  the  apparent  greater  slope  of  the  endurance 
curves  for  this  treatment,  and  therefore  it  must  be  regarded  as  slightly 
inferior  at  low  alternating  stresses. 


The  greased  specimens  are  generally  slightly  better,  in  terms  of  endurance,  than 
the  dry  ones,  possibly  because  of  reduced  fretting  in  the  former.  On  the  other 
hand  the  greased  specimens  in  general  have  endurances  somewhat  less  than  those 
assembled  with  Duralac.  Clearly,  the  greased  specimens  would  in  practice 
require  constant  maintenance  attention  or  they  would  soon  degenerate  to  the 
standard  of  the  dry  specimens  and  become  increasingly  susceptible  to  corrosion. 
In  any  case  it  is  far  more  satisfactory  to  assemble  with  Duralac  or  an 
equivalent  primer  which  meets  the  requirements  of  DTD  369,  and  contributes 
considerably  to  the  prevention  of  corrosion. 

5.4 Choice  of  Masher 

5.4.1 With  Push  Fit  Pin  (Reference  Figure  2a) 

There  is  one  stress  level  at  which  ths  comparison  was  made,  namely  14  000 
2 

+10  000  lb/in  for  configurations  4 and  5,  but  only  at  70°/o  bolt  pre-tension. 
Both  groups  of  specimens  were  assembled  with  Duralac,  The  improvement  in 
endurance  for  fitment  of  the  special  washer  at  this  stress  level  was  in  the 
ratio  of  about  2:1. 

Alternatively  for  a constant  endurance  the  alternating  stress  can  be  increased 
by  about  15°/o. 


There  is  more  evidence  of  the  effect  of  fitting  the  special  washer  in  this  case, 
via  configurations  6 and  7 which  were  for  dry  specimens  but  tested  at  all  three 
degrees  of  bolt  tension.  The  improvement  achieved  for  fitment  of  the  special 
washer  was  consistently  good  at  all  three  degrees  of  bolt  pre- tension. 

2 

Evaluating  average  endurances  over  the  range  of  S =10  000  lb/in  to 

2 a 
8 000  lb/in  it  can  be  said  that  the  fitment  of  the  special  washer,  with  a 

clearance  fit  pin,  leads  to  an  improvement  of  from  4.1  to  8.1  on  endurance  at  a 

given  stress,  the  ratios  tending  to  increase  with  decrease  of  alternating  stress. 

Alternatively,  expressed  as  a improvement  of  permissible  Sa  for  a given 

endurance,  the  improvement  for  fitment  of  the  special  washer  ranges  from  1.2  to 

2 

1.5  at  S of  the  order  of  10  000  lb/in  , to  from  1.3  to  1.75  at  S of  the 

a £ a 

order  of  8 000  lb/in  . 

Thus  in  special  cases  the  extra  cost  of  a specifically  designed  counterbored 
washer  is  justified,  particularly  in  conjunction  with  clearance  fit  pins. 

5 . 5  Comparison  of  Pin  Fits  (Figures  2a  and  4b  inclusive) 

5,5,1  With  Dry  Assembly  and  Standard  Washer 

Configurations  6 and  1 at  all  three  levels  of  bolt  pre-tension  provide  a 
reasonable  amount  of  data  for  a comparison  to  be  made. 

From  Figures  2a  and  2b  (70°/o  bolt  pre-tension)  the  clearance  fit  produces 
marginally  greater  endurances  than  the  push  fit  over  the  whole  range  of 
alternating  stresses  tested. 

From  Figures  3a  and  3b  (85 °/o  bolt  pre-tension)  the  clearance  fit  is  somewhat 

2 2 

superior  in  endurance  above  S =8  000  lb/in  but  inferior  below  8 000  lb/in 

a 

due  to  the  steepness  of  curve  6, 

From  Figures  4a  and  4b  (100°/o  bolt  pre-tension)  the  clearance  fit  is 
approximately  equal  or  marginally  inferior  in  endurance  compared  with  the  push 
fit  pin. 

Bearing  in  mind  the  scatter  of  results  it  cannot  be  claimed  that  the  standard 
of  pin  fit  makes  a significant  difference  to  the  resulting  endurances,  when  used 
with  a standard  washer  and  dry  assembly. 

.2  With  Duralac  Assembly  and  Special  Washers 


The  special  counterbored  washers  were  introduced  into  the  test  programme  in  order 
to  ensure  maximum  load  transmission  due  to  clamping  when  a clearance  fit  pin  was 
employed.  Unfortunately  there  are  only  two  sets  of  results  in  this  configuration 
which  enable  a comparison  of  pin  fits  to  be  made  i.e.  Configurations  5 and  8 at 
70°/o  bolt  pre-tension.  (Figures  2a  and  2b). 
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The  clearance  fit  mean  endurance  (at  10  000  lb/in  alternating  stress)  is  40  /o 
greater  than  that  for  the  push  fit  pin.  Bearing  in  mind  the  inherent  scatter 
present,  this  is  not  a large  increase  but  could  be  worth  while  in  special  cases. 

In  general  therefore,  the  fit  of  the  bolt  does  not  have  a significant  influence 

upon  the  endurance,  but  when  combined  with  a special  counterboard  washer  the 

clearance  fit  does  give  some  advantage,  presumably  due  to  the  greater  load  that 

is  transmitted  by  clamping.  , 

5,6 Evidence  from  Examination  of  Selected  Specimens 

Firstly,  it  was  observed  that  for  all  the  specimens  which  had  been  assembled 
with  Duralac,  the  Duralac  was  still  liquid  when  the  specimens  were  dismantled. 

Nevertheless,  when  the  inspection  was  carried  out  7 -8  days  later,  it  was  dry 
and  set.  The  liquid  state  was  reassuring  and  no  doubt  due  to  the  efficient 
overall  painting  of  the  joint. 

Reviewing  the  evidence  given  in  Tables  6a,  6b,  6c  and  7 leads  to  the  following 
observations. 

(i)  There  was  hardly  any  fretting  in  the  bore  of  the  bolt  holes  but 
some  degree  of  fretting  occurred  on  the  faces  of  almost  every 
specimen  examined.  The  fretting  on  the  specimens  treated  with 
Duralac  was  generally  (with  one  exception)  only  light  to 
moderate,  whereas  about  one  half  of  the  specimens  assembled 
dry  showed  some  heavy  fretting.  For  the  Duralac  treated 
specimens  the  endurances  tended  to  be  inversely  proportional 

to  the  degree  and/or  extent  of  the  fretting,  (Specimens, 
order  numbers  2,  3 and  4,  also  8 and  9). 

(ii)  Several  of  the  specimens  did  not  fail  in  the  test  area,  but  in 
the  region  of  the  grips,  or  sometimes  the  primary  failure  was 
in  one  of  the  side  plates,  followed  by  failure  of  the  specimen. 

In  these  cases  it  was  observed  that  the  degree  of  fretting  at, 
or  to  the  rear  of  the  bolt  hole,  was  often  light  or  moderate. 

(iii)  From  the  comparisons  associated  with  Table  7 the  indications 
are  that  in  terms  of  endurance  - 

(a)  Duralac  treatment  is  superior  to  dry  assembly. 

(b)  When  the  special  washer  is  used,  there  is  generally  not  a 
great  deal  of  difference  between  the  use  of  a push  fit  pin  and 
a clearance  fit  pin,  although  specimen  order  number  8 with  a 
clearance  fit  pin  is  particularly  good. 


V I 

LOO  i| 

(c)  Other  variants  being  constant,  B5°/o  bolt  pre-tension  is  inferior  ( 

to  70°/o  bolt  pre-tension, 

(d)  Other  variants  being  constant  100°/o  bolt  pre-tension  is  superior 
to  70°/o  bolt  pre-tension  (but  see  paragraph  5,2), 

In  general  these  latter  observations  support  those  already  deduced  from  the 

tables  and  graphs  of  the  full  results.  , 

5 , 7 General  Comparisons  between  Clamped  and  Unclamped  Joints  (Figures  2a 

and  2b) 

Having  discussed  the  comparatively  moderate  differences  between  one  configuration 
and  another  (all  the  clamped  joints)  it  is  appropriate  to  return  to  the  earlier 
observation  of  paragraph  5,1,  namely  that  all  the  clamped  joints  are  significantly 
superior  in  endurance  to  those  which  are  not  clamped,  such  as  are  tested  in 
Stage  1 of  this  research,  for  it  will  be  remembered,  all  Stage  1 specimens  were 
assembled  with  plain  pins  so  that  there  could  be  no  clamping. 

There  is  more  evidence  available  in  this  investigation  for  specimens  with  a 
clamping  load  equivalent  to  a pre-tension  of  70°/o  of  the  0,2°/o  bolt  proof 
strength,  and  therefore  this  group  alone  will  be  analysed. 

Table  5 presents  comparative  endurances  for  the  present  clamped  specimens,  and 
for  those  of  the  corresponding  specimens  of  Stage  1 for  loaded  push  fit  pin  and 
for  0.4°/o  interference  fit  pin  joint  configurations.  The  Stage  1 endurances 
are  interpolated  from  the  curves  given  on  Figures  2a  to  4b  inclusive  for 

S = 0.25  ft  and  0.15  ft,  since  the  tests  of  Supplementary  Investigation  No. 4 

m 2 

were  all  carried  out  for  S =14  000  Ib/in  = 0.20  ft.  The  comparisons  are 

m , 2 
made  for  alternating  stresses  of  10  000,  8 000  and  b 000  lb/in  , 

The  relative  magnitude  of  the  improvement  in  endurance  for  the  clamped  joint  over 

the  unclamped  joint  is  also  given  in  Table  5 in  relation  to  both  the  push  fit  pin 

and  to  the  0.4°/o  interference  fit  pin  specimens  of  Stage  1.  The  improvement  is 

expressed  as  an  "Endurance  Increase  Ratio1'  which  may  be  defined  as  the  ratio  of:- 

Endurance  of  clamped  loint 
Endurance  of  Unclamped  Joint 

When  compared  with  Stage  1 push  fit  pin  specimens  (greased),  the  endurance 

2 

increase  ratio  for  dry  clamped  joints  ranges  from  about  9 at  10  000  lb/in 

2 

alternating  stress  to  about  150  at  6 000  Lb/in  , but  if  the  clamped  joint  is 

given  special  assembly  treatment,  such  as  Duralac,  and  painted  overall,  the 

2 

endurance  increase  ratio  ranges  from  the  order  of  40  at  S = 10  000  lb/in  to 

2 * 

at  least  250  at  S^  = 6 000  lb/in  . Further  improvements  are  obtainable  if  a 
clearance  fit  pin  combined  with  a special  counterbored  washer  is  used. 
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Corresponding  comparisons,  but  with  a greased  0.4°/o  interference  fit  pin 

(unclamped)  lead  to  more  modest  endurance  increase  ratios  of  the  order  of  2,5 
2 2 

s = 10  000  ib/in  to  about  11.5  at  = 6 000  lb/in  (dry)  but  if  assembled 

with  Duralac  and  painted  overall,  these  ratios  reach  the  order  of  at  least  10 

2 2 

at  S = 10  OCX)  Ib/in  and  approximately  20  at  S =6  000  lb/in  . Again,  if 

a clearance  fit  pin  combined  with  a special  counterbored  washer  is  used  still 

further  improvement  in  endurance  is  achieved. 


at 


u_. CONCI  US  1 ON 

The  scope  of  the  test  programme  reported  herein  is  somewhat  limited,  but  it 
would  appear  that  large  increases  of  endurance  are  obtainable  if  controlled 
joint  clamping  by  means  of  bolt  pre-tensioning  is  employed.  The  actual 
endurance  increase  ratios  obtained  vary  considerably  with  the  magnitude  of 
the  applied  alternating  stress,  being  greatest  for  low  alternating 
stresses  (order  of  6 (XX)  lb/in^  and  under)  and  least  for  high  alternating 
stresses  (order  of  10  000  lb/in^  or  more).  Some  additional  endurance  may  be 
achieved  by  the  use  of  a special  counterbored  washer,  combined  with  a clearance 
fit  bolt,  (See  paragraph  5.7  and  Table  5). 

The  use  of  Duralac  to  DTD  169  followed  by  painting  overall  gave  the  greatest 
endurance  of  all  the  assembly  treatments  tested  in  this  investigation.  Thiokol 
fuel  tank  sealant  came  next  in  order,  with  grease  somewhat  below  this  and  the 
dry  joint  lowest  of  all,  other  variants  being  kept  constant  (see  Tables  2 to  4 
and  Figures  2 to  5). 

Where  applicable,  the  detailed  examination  of  selected  specimens,  following 
failure,  supports  the  foregoing  conclusions  (see  Tables  6 and  7). 


) 


1 
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In  regard  to  the  degree  of  clamping,  the  evidence  of  this  test  programme 
suggests  that  clamping  to  the  equivalent  of  a bolt  pre-tension  of  70°/o  of 
the  0.2°/o  proof  strength  of  the  bolt  was  preferable  to  either  85°/o  or  100°/U 
A few  tests  with  clamping  to  the  equivalent  of  only  40°/o  bolt  pre-tension  led 
to  excessive  slip,  but  it  could  be  that  some  value  between  40°/o  and  70°/o 
would  have  proved  more  advantageous  in  these  particular  tests. 

The  effectiveness  of  this  method  of  increasing  the  endurance  of  a joint  is  also 
likely  to  be  dependent  upon  a number  of  other  features,  such  as  plate  and  washer 
stiffness,  bolt  head  and  washer  size,  coefficient  of  friction  and  surface 
treatment.  Therefore  the  present  test  programme  should  not  be  regarded  as  a 
general  indication  of  the  behaviour  of  all  types  of  bolted  Joints,  and  in  a 
particular  application  one  would  be  advised  to  explore  a range  of  clamping 
loads,  and  other  physical  characteristics  such  as  those  noted  above,  before 

_ m _ 
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finalising  on  the  solution  of  the  problem.  Consideration  must  also  be  given  to 
ensuring  that  the  clamping  forces  are  maintained  throughout  the  life  of  the 

joint.  i 
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For  details  of  specimen  types  and  geometry,  see  Figure 
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TABLE  2 ENDURANCES  AT  70°/o  BOLT  PRE-TENSION  Reference  Figure  2a 

FOR  ALL  TYPES  OF  SPECIMEN 

2 , 

All  at  Mean  Stress,  S =14  000  lb/ in  (=  0,20  f ) 

m t 


Specimen 
Identi ty 

Alternating 

Stress 

lb/in^ 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 

Fa i lure 

Ge  netric 
Mean 

Cyc  les 

1.  Type  65004  - Dry,  Push 

Fit  Pin,  Standard  Washer 

*28. 5.C 

8 000 

1 671  600 

6.222 

l 668  onn 

28. 5. A 

8 000 

1 471  500 

6.167 

28. 7. A 

7 000 

4 234  100 

6.624 

-4  2 34  100 

28. 5. E 

6 000 

10  000  OOOU 

7. OOOU 

>10  000  000 

28. 3. B 

4 000 

10  000  OOOU 

7. OOOU 

J-  >10  000  000 

28. 5. D 

4 000 

10  000  OOOU 

7. OOOU 

1 2.  Type  65004  - Grease,  Push  Fit  Pin,  Standard  Washe 

r 

45. 6. B 

8 000 

3 615  400 

6.558 

• 2 570  000 

45. 6. C 

8 000 

1 829  400 

6.261 

45. 5. D 

7 000 

8 600  000 

6.935 

- s ion 

45. 6. A 

7 000 

4 000  700 

6.603 

45. 5. B 

6 000 

10  000  OOOU 

7. OOOU 

45. 5. C 

6 000 

10  000  OOOU 

7. OOOU 

1 3,  Type  65004  - Thiokol , Push  Fit  Pin,  Standard  Washer  ; 

26. 4. B 

8 000 

3 394  300 

6.530 

7 ?Qft  mn 

26. 5. E 

8 000 

3 173  200 

6,500 

2 6 , 6 , B 

6 000 

9 285  000 

6 .966 

7 224  000 

26,8. E 

6 000 

5 621  900 

6.750 

26. 6. C 

4 000 

10  000  OOOU 

7. OOOU 

24. 7. C 

4 000 

10  000  OOOU 

7. OOOU 

4.  Type  65004  - Duralac,  Push  Fit  pin,  S 

tandard  Washer 

43. 3.D 

10  000 

2 412  000 

6.381 

43. 2. D 

10  000 

1 763  400 

6.246 

43. 4. B 

8 000 

7 970  000 

6.902 

43. 4. C 

8 000 

4 343  000 

6.637 

43. 4. A 

6 000 

10  000  OOOU 

7. OOOU 

k i n nnn  mn 

43. 3. A 

6 000 

10  000  OOOU 

7. OOOU 

^ Tvne  65004  - DuraLac.  Push  Fit  Pin.  S 

pedal  Washer 

*45. 8. D 

10  000 

6 440  800+ 

6.809^ 

- 

*28. 9. B 

10  000 

3 948  600SJ 

6.597SJ 

- 4 367  200 

*28. 8. D 

10  000 

3 274  900SJ 

6.515SJ 

U 

+ 

S 

H 

J 


denotes 
spec imen 
one  side 
specimen 
specimen 


(Table 

unbroken 

failed  from  fretted  area 
plate  failed  from  fretted  area 
dismantled  and  examined  after 
failed  in  grip  area 


2 continued 


failure 


on  next 


page  ) 
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TABLE  2 ENDURANCES  AT  70°/o  BOLT  PRE-TENSION  Reference  Figure  2 

(cont*)  FOR  ALL  TYPES  OF  SPECIMEN 

2 

All  at  Mean  Stress.  S = 14  000  lb/in  = 0.20  f 

m t 


Specimen 

Identity 

Alternating 

Stress 

+S  lb/in^ 

— a 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 
Cycles 

1 0.  Type  65005  - Dry,  Clearance  Fit  Pin, 

Standard  Washer  I1 

46 . 1 ,C 

8 000 

2 657  000 

6.426 

V 2 418  000 

46. 2.  B 

8 000 

2 185  000 

6,339 

J 

46. 2.  A 

6 000 

10  000  OOOU 

7. OOOU 

>10  000  000 

46.1.D 

4 000 

10  000  OOOU 

7. OOOU 

46.1.B 

4 000 

10  000  OOOU 

7. OOOU 

7.  Type  6500b  - Dry,  Clearance  Fit  Pin, 

Special  Washer  [ 

46. 6.  B 

11  000 

2 513  300^. 

6.400^, 

2 513  300 

46. 5. C 

10  000 

5 370  000 

6.730 

*46, 6, A 

10  000 

3 175  OOOSU 

6.500SU 

* >2  950  000 

*46. 7. A 

10  000 

1 511  200J 

6.1 78 J 

46. 5. D 

8 000 

10  000  OOOU 

7. OOOU 

h>  i n nnn  rw^ 

46 , 6 .C 

8 000 

10  000  OOOU 

7. OOOU 

J 

| 8.  Type  65006  - Duralac,  Clearance  Fit  Pin,  Special 

Washer 

44. 6. B 

10  000 

12  257  900U4, 

7.088U4, 

*44. 6.  C 

10  000 

7 792  900S*fj 

6.890S4V 

•>6  120  000 

*44. 6. D 

10  000 

2 397  900F^ 

6.379F44 

U 

s 


*1 

*2 


F 


x 

J 


denotes  unbroken 

denotes  specimen  failure  In  the  sideplates 
denotes  slipping  occurred  at  811  300  cycles 


slipped  after  2 242  300  cycles 
slipped  after  3 160  000  cycles 


slipping  occurred  during  first  few  minutes 


Fre  tting 
Specimen 
Specimen 


occurred  at  point  of  failure 
dismantled  and  examined  after 
failed  in  grip  area 


failure 


SUPPLEMENTARY  INVESTIGATION  No.  9 
TABLE  3 ENDURANCES  AT  85°/o  BOLT  PRE-TENSION 
FOR  ALL  TYPES  OF  SPECIMEN 

All  at  Mean  Stress  S = 19  OOO  lb/in 

m 


Reference  Figure  '5a 


Spec imen 
Identi ty 


28. 2. E 
28.1.0 
28.1.F. 
28. 1 .C 


Alternating 

Stress 

2Sa  lb/ in2 

Cyc  le  s 
to 

Fai lure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

i009  - Dry,  Push 

Fit  Pin,  Standard  Washer 

8 OOO 

8 OOO 

9 139  OOO 

2 911  OOO 

6.616 

6.  382 

j-  3 155  OOO 

7 OOO 

2 693  900 

6.9  30 

2 693  900 

6 OOO 

10  OOO  00011 

7. OOOU 

>10  OOO  OOO 

)e  65(X)9  - Crease 
8 000 
8 000 
8 000 
7 000 
7 000 
6 000 


Push  Fit  Pin.  Standard  Washer 


l ssi  000 
1 732  000 
1 299  200 
10  000  000(1 
10  000  000(1 
10  000  00011 


6.267 

6,239 

6.119 

7.00GU 

7.000U 

7 .000(1 


1 609  100 

>10  000  000 
>10  000  000 


^ Tyi 

29. 3. C 

29. 3.  D 

29.1. D 

26. 2.  E 

29. 3.  A 
26. 7. C 


>e  6 5009  - Thiokol  , Push  Fit  Pin , Standard  Washer 


8 OOO 

3 099  700 

6,990 

8 OOO 

2 697  100 

6.922 

6 OOO 

9 999  800 

6.977 

6 OOO 

2 828  800 

6.952 

9 OOO 

10  OOO  OOOU 

7. OOOU 

9 OOO 

10  OOO  OOOU 

7. OOOU 

1-  2 861  OOO 

1*  5 189  500 

J-  >10  OOO  OOO 


Type  fa 5004  - Duralac,  Push  Fit  Pin,  Standard  Washer 
7a  10  OOO  I 1 508  600  6TT79  fT" 

.D  10  OOO  1 281  800  6.107  J 

,C  8 OOO  9 981  900  6.697  1 , fioo 

.B  8 OOO  9 916  800  6.692 

.13  6 OOO  10  OOO  OOOU  7.000U  1 . 

.C  6 OOO  10  OOO  OOOU  7. OOOU  J 


, (Table  3 continued  on  next  page) 

U denotes  unbroken 

NB 

There  is  no  specimen  No. 5 in  this  group 


SUPPLEMENTARY  INVESTIGATION  No.  4 
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TABLE  3 (Contd.)  ENDURANCES  AT  85°/o  BOLT-TENSION  Reference  Figure  3b 
FOR  ALL  TYPES  OF  SPECIMEN 

All  at  Mean  Stress  S = 14  000  lb/in^  = 0,20  f 

m t 


Specimen 

Identity 

A1 ternating 
Stress 

+S  n /.  2 

- a lb/ in 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geome  trie 
Mean 
Cycles 

| 6.  Type  65007  - Dry,  Clearance  Fit  Pin,  Standard  Washer 

27.1. E 

27. 2.  B 

27.1. C 

27.1. B 

27. 2.  C 

8 000 

8 000 

6 000 

6 000 

4 000 

3 165  000 

2 786  400 

7 983  400 

4 841  700 

10  000  ooou 

6.500 

6.443 

6.901 

6.685 

7. OOOU 

- 2 969  000 

- 6 216  000 

>10  000  000 

[ 7.  Type  65006  - Dry,  Clearance  Fit  Pin,  Special  Washer  j 

46. 4.  B 

46. 4.  C 
*46. 5. A 
*46. 5. B 

46. 4. 0 

46. 4.  A 

10  000 

10  000 

9 000 

9 000 

8 000 

8 000 

10  000  ooou 

2 170  800S 

4 466  600B 

2 703  000A 
10  000  OOOU 

7 308  300 

7.  OOOU 
6.335S 
6.650B 
6.430A 

7. OOOU 
6.864 

] 

- 

•>4  650  000 

■ 3 474  700 

■> 8 570  000 

U denotes  unbroken 

S denotes  primary  failure  through  one  side  plate  and 
secondary  failure  through  three  joint  plates 
A denotes  specimen  cracked  through  three  joint  plates 
B denotes  failure  in  specimen  one  inch  from  centre  of  hole 
h Specimen  dismantled  and  examined  after  failure 

NB 

There  is  no  specimen  No. 8 in  this  group 


T 


Ik 
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SI  I PPLEMENTARY  INVESTIGATION  No. 4 


TABLE  -4  ENDURANCES  AT  LOQU/o  BOLT  PRE-TENSION  Reference  Figure  4a 

FOR  ALL  TYPES  OF  SPECIMEN 

All  at  Mean  Stress  S = 14  000  lb/in^  = 0.20  f 

m t 


Specimen 

Identity 

A1  te  rna  t ing 
Stress 

+S  lb/ in2 

° 

Cyc les 
to 

Fa i lure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cycles 

L,  Type  65004  - Dry,  Push  Fit  Pin,  Stand« 

ird  Washer 

28. 8.  B 

28. 8.  C 
*28. 7.C 
*28. 7. D 

28. 8.  A 

28. 7. E 

8 000 

8 000 

7 000 

7 000 

()  000 

6 000 

2 206  500 

1 839  100 

8 345  400 A 

4 792  800A 
10  000  OOOU 
13  248  800AB 

6 . 344 
6.264 
6.921A 
6.675A 

7. OOOU 

7. 122AB 

- 2 015  000 

- 6 324  000 

[•>11  550  000 

I 2.  Type  05004  - Grease,  Push  Fit  Pin,  Standard  Washer 

45. 7. D 

10  000 

1 388  200 

6.143 

r 1 1 CiL  SOn 

45. 6.  D 

10  000 

678  600 

5.944 

45. 7. A 

9 000 

1 753  900 

6.243 

r l sqo  fiOn 

45. 7. B 

9 000 

1 442  600 

6.160 

45.8. B 

8 000 

10  000  OOOU 

7. OOOU 

>10  000  000 

45. 8. C 

7 000 

10  000  OOOU 

7. OOOU 

>10  000  000 

| 3,  Type  05004  - Thiokol , Push  Fit  Pin,  Standard  Washer  ; 

26. 9. D 

8 000 

4 233  900 

6.626 

26. 2.  D 

8 000 

3 417  600 

6.533 

! J /7j  UUU 

42. 6.  D 

6 000 

8 617  100 

6.936 

27. 9. D 

6 000 

5 318  000 

6.726 

; 

26. 9. E 

4 000 

10  000  OOOU 

7. OOOU 

26. 4. D 

4 000 

10  000  OOOU 

7. OOOU 

4.  Type  05004  - Duralac,  Push  Fit  Pin,  Standard  Washer  I 

45. 9. D 

10  000 

3 306  300 

6.520 

45.1  .C 

10  000 

1 442  800 

6.160 

L Loj  'JUU 

43. 4. D 

8 000 

10  000  OOOU 

7. OOOU 

- >8  812  500 

45.1.B 

8 000 

7 765  000 

6.880 

45. 9.  A 

6 000 

10  000  OOOU 

7. OOOU 

45. 9. C 

6 000 

10  000  OOOU 

7. OOOU 

(Table  4 continued  on  next  page) 

U denotes  unbroken 

A denotes  specimen  cracked  through  3 joint  plates  and 
both  washers 

B denotes  crack  observed  at  8 500  000  cycles 
NB 

There  is  no  specimen  Mo, 5 in  this  group, 
x Specimen  dismantled  and  examined  after  failure 
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SUPPLEMENTARY  INVESTIGATION  No. 4 

TABLE  4 Tcontd, ) ENDURANCES  AT  100°/o  BOLT  PRE-TENSION  Reference  Figure  4b 
FOR  ALL  TYPES  OF  SPECIMEN 

All  at  Mean  Stress  S = 14  000  lb/in^  = 0.20  f 

m t 


. Specimen 
^dentity 

Alternating 

Stress 

lb/in^ 

Cycles 

to 

Failure 

Logarithm 
Cycles  to 
Failure 

Geometric 

Mean 

Cyc le  s 

[ 6,  Type  (>5005  - Dry,  Clearance  Fit  Pin, 

Standard  Washer 

46. 2.  D 

8 000 

l 996  800 

6.293 

“ 

u 1 788  000 

tfu  >.2,C 

8 000 

l 603  300* 

6.205* 

. 

46. 3. D 

7 000 

8 196  100 A 

6.912A 

- 4 462  700 

46. 3. C 

7 000 

2 430  000 

6.385 

46. 3. B 

6 000 

10  000  OOOU 

7. OOOU 

46. 3. A 

6 000 

7 170  OOOA 

6.855A 

J 

7.  TvDe  6 

5006  - Drv . Clearance  Fit.  Special  Washer 

"46. 8.  D 

10  000 

4 240  700 A 

6.627A 

„ 9 7 7Q  ann 

46. 8. A 

10  000 

1 821  000 

6.260 

. 

46. 7. B 

9 000 

6 977  000 

6.843 

6 977  000 

46. 8. C 

8 000 

10  000  OOOU 

7. OOOU 

1 

• vq  ft i 9 ftnn 

46 . 8 . B 

8 000 

9 629  000 

6,984 

46 . 9 . B 

6 000 

10  000  OOOU 

7. OOOU 

>10  000  000 

U denotes  unbroken 

* denotes  slipping  at  800  000  cycles  and  load  on 
specimen  required  adjustment 
A denotes  specimen  cr'"ked  through  three  joint  plates 

NB 

There  is  no  specimen  No. 8 in  this  group. 

« Specimen  dismantled  and  examined  after  failure 
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FABLE  5 


SUPPLEMENTARY  INVESTIGATION  No. 4 
COMPARISON  OF  ENDURANCES  - CLAMPEI) 


COMPARISON  OF  ENDURANCES  - CLAMPED  JOINTS  (SUPPLEMENTARY  INVESTIGATION 


No. 4)  v UNCLAMPED  JOINTS  (STAGE  1) 


BOLT  PRE-TENSION  = 70°/o  of  0.2°/o  BOLT  PROOF  STRESS 


PIN  LOADED 


Condi tion 


Sm(lb/in  ) 


Con  figuration 


Type  65004 

1 DrV  » 

P. F. Pin , Std.W 


Type  65004 
2 Grease 

P.F. Pin, Std.W 


Type  65004 

Dura  lac 

P. F. Pin , Std.W 


Type  65005 
Dry 

*C.F. Pin, Std.W 


Type  65006 
7 Dry 

C.F.Pin . 
Special  Vashe  r 


Type  65006 

8 Duralac 
C.F.Pin, 

Spec  ta  1 Washe  r 


E.I.R.  ,P.FJ< 


E.I.R. ,I.FJ< 


Endurance 


E.I.R.  , P.F. 


E.I.R. , I. F. 


Endurance 


E.I.R. ,P. 


E.I.R. , I 


Endurance 


E.I.R. ,P. 


. > I . F. 


Endurance 


F..T.R.  ,P.F. 


E.I.R. , I . F . 


Endurance 


E.I.R. , I. F. 


Endurance 


E.I.R.  .P.F. 


E.I. 


Endurance 


E.I.R.  , 


E.I.R.  , 


45  000  65  000  1 1 7 000 


l 

150  000  320  000  1 550  000 


400  000  1 550  000  18  000  000 


8.9  23.8  154 


2.65  4.85  LI. 6 


650  000  2 550  000  22  500  000 


14.4  39.3  194 


4.33  7.95  14.5 


1 750  000  3 000  000  | 7 200  000 


46.2 


9.35 


2 000  000  5 600  000 


44.4  86.0 


13.3  | 17.5 


4 370  000 


97.0 


29.2 


600  000 


13.3 


4.0 


78.5 


23.6 


9 000  000 


200 


60 


7.5 

22  500 

000 

346 

70 

Notes 


cycles  to  fai lure 

E.I.R,  denotes  Endurance  Increase  Ratio 

Endurance  of  Clamped  Joint  . . _ _ 

7 — 7-7 : — c — - — : — - with  respect  to  P.F.  Pm  or 

Endurance  of  Undamped  Joint  T „ 

to  I.F,  Pin 


P.F,  Push  Fit 

I.F,  0,4°/o  Interference  Fit 

C.F,  Clearance  Fit 

Std.W,  Standard  Washer 


SUPPLEMENTARY  INVESTIGATION  No 
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SUPPLEMENTARY  INVESTIGATION  No. 4 

TABLE  7 SUMMARY  OF  MEAN  ENDURANCES  FOR  GROUPS  OF  SPECIMENS  EXAMINED  FOR 
DETAILS  OF  FAILURES 


Bolt  Pre- 
tension 

Orde  r 
Nos. 

Mean 

Endurance 

Configuration 

S 

a 2 

lb/ in 

1 

1 471  500 

Dry ,P. F.  , Std.W. 

8 000 

2,3,4 

>4  367  000 

Dura  lac  ,P.F., Spl  .W. 

10  000 

70° /o 

5,0,7 

>2  950  000 

Dry , Cl.F. ,Spl.W. 

10  000 

8,9 

>4  320  000 

Duralac,  Cl.F,,  Spl.W. 

10  000 

85°/o 

10 

2 170  800 

Dry , Cl.F.,  Spl.W. 

10  000 

11  , 12 

3 474  700 

Dry,  Cl.F. , Spl.W. 

9 000 

1 00° / o 

13,  14 

6 324  000 

Dry,  P.F.,  Std.W. 

7 000 

1 5 

4 240  000 

Dry,  Cl.F.,  Spl.W. 

10  000 

I 

t 

I 


SOME  COMPARISONS  OF  ENDURANCE 

(a)  Duralac  v.  dry  assembly  (other  variants  being  constant) 


i.e. 


8,9  _ >4  320  OOP  , <c 

5,6,7  >2  9 50  000  • 


(b)  Push  fit  v.  Clearance  fit  (both  with  duralac  and  Spl. washer) 


i.e. 


2,3,4  = >4  367  OOP 

8,9  >4  320  000 


1 ,0  approx. 


(c) 


i.e 


85°/o  v 


70° /o 


Bolt  pre-tension 


10 

5,6,7 


2 170  OOP 
>2  9 50  000 


= <0.7 


(with  dry  assembly,  Cl. fit  and 
special  washer) 


(d)  100°/o  v.  70°/o  Bo  1 t pre-tension 


i.e . 

15  4 240  000 

5,6,7  >2  950  000 

P.F. 

Push  fit 

Cl.F. 

Clearance  fit 

Std.W. 

Standard  Washer 

Spl.W. 

Special  Washer 

(with  dry  assembly.  Cl. fit  and 
special  washer) 
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Sl.N°  A-  - of  Lo*d  sv  Cuaw iPimg 


F>&ofte.  \ c»Cc?METgvr  OF  SPECIMEN  ( **«■ 


65004 

65005 

65006 

BS.L71 

BS.L71 

BS.L71 

Bolt  3/4  in  dia. 

BS.S.96* 

A.  59 

0.7498  in 
0.7493  in 

A.25.S 

A.25.S 

Mole 

Push  Fit 
0.7507  in 
0.7495  in 

Clearance  Fit 
Drill  0.8125  in 

Washer 

Mild  Steel 

Standard* 

Plain 

Standard 

Plain 

Special 

/ Nickel-chrome-molybdenum  H.T,  Steel 
x Configuration  No. 5 fitted  with  special  washer 


O^uroibioo  H° 


Fie  3a.  S.\. 


S.l.  Kl°4-  - 85%  B.OLT  Pf?C~T(£wjsio >J  -Cv_CN<?A»^ct  P\x 


Co>-»fic»\jCA.Tio^  G 


StAupmep  SHK^BIZ  ^ Tabl£  3 


Cour-lG.U'C^TlOFl  7 " SPtCJAU  WP.iHt-C 


at.  Wl°4-  Plott^g  Code. 

Ce^fiijtuo)Un  fJ®'  \ *2.  3 ^ 

Tvjpe  >i°  b£cc4  fcSo©4-  fcSoo4-  &5©©4- 

kssy.  TreoLt~r«nt  G**x>a*.  "ThvoKoY  D^toXoc 


db(2t  S c 


SL  H°  4 


Coro PP*0\SOK  Or  feOCT  P<2€.— l«.viSV  OKS 
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APPENDIX  TO  SUPPLEMENTARY  INVESTIGATION  No. 4 } 

o 

TENSILE  TESTS  ON  JOINT  BOLTS  FOR  EVALUATION  OF  THE  0.2  /o  PROOF  STRESS 
(Reference  Short  Brothers  and  Harland  Test  Note  No. 1091) 

These  tests  were  undertaken  to  establish  a reliable  and  consistent  standard  of 

bolt  pre- tensioning.  The  bolts  were  B.S.  - S96 , 3/4  in  diameter  high  tensile 

steel,  (f  =55  Tons  per  sq.inch),  The  bolts  used  for  each  type  of  specimen 
t 

were  obtained  from  a separate  source  and  so  three  bolts  from  each  of  three 
sources  were  tested  in  tension,  to  obtain  load  - extension  curves. 

The  method  of  loading  the  bolts  is  shown  on  Figure  A1 . The  nut  was  positioned 
on  the  bolt  such  that  the  length  from  the  base  of  the  bolt  head  to  the  nut  face 
was  equal  to  that  required  for  a particular  type  of  specimen  i.e.  for  Type 
65004,  65005  or  65006.  These  lengths  were  0.79  in  for  types  65004  and  65005, 
and  1.475  in  for  type  65006. 

Extensions  were  measured  by  means  of  a micrometer  on  the  overall  length  of  the 
bolt,  the  ends  of  whch  were  ground  flat  to  remove  irregularities. 

RESULTS 

Load  extension  curves  for  each  bolt  test  were  obtained  and  all  the  curves  were 
regular,  with  no  abnormal  features.  The  gauge  length  in  finding  the  0.2°/o 
proof  loads  was  taken  as  the  thickness  of  the  appropriate  specimen  for  that 
particular  group  of  bolts. 

A summary  of  the  values  of  the  proof  loads  are  given  in  Table  A1  (see  below) 

APPLICATION  OF  RESULTS 

It  was  decided  that  the  safest  procedure  would  be  to  use  the  minimum  measured 
value  of  the  0.2°/o  Proof  Load  namely  18,9  tons,  as  a common  proof  load  for  all 
bolts.  Thus  the  loads  for  the  three  degrees  of  clamping  were: 

70°/o  85°/o  100°/o  bolt  proof  stress 

13.2  16,0  18,9  tons 

The  corresponding  bolt  extensions,  taken  from  the  appropriate  load  extension 
curves  for  each  of  these  three  loads  were  used  to  control  the  bolt  pre- tensions 
in  each  of  the  specimens  during  assembly. 


TABLE  A1  0.2°/o  BOLT  PROOF  LOADS 


Specimen  Type 

65004 

6 5005 

65006 

BOLT  No . 1 

21.1 

18,9 

19.6 

BOLT  No. 2 

22.1 

19.1 

19.75 

BOLT  No. 3 

23.3 

20.0 

20.0 

NOTE  ALL  LOADS  ARE  QUOTED  IN  TONS 

Minimum  value  chosen  for  application  to  all  bolts,  namely  18.9  tons,  equivalent 
to  a stress  of  42,75  tons/inz  or  95  500  lb/in  . 


S\  M°  4- 


SUPPLEMENTARY  INVESTIGATION  No. 5 

SOME  EVIDENCE  OF  THE  INFLUENCE  ON  ENDURANCE  OF  SURFACE  FINISH  AND  HOLE  EDGE 
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CHAMFERING  OF  A LOADED  PUSH  FIT  PIN  JOINT 
J_. INTRODUCTION 

The  majority  of  aircraft  parts  made  from  Aluminium  Alloy  sheet  and  some  from 
pLate  up  to  say,  1/4  in  thick,  are  completed  and  fitted  in  the  "as  rolled" 
condition.  This  investigation  was  introduced  to  obtain  some  evidence  of  the 
extent,  if  any,  to  which  the  fatigue  life  of  the  part  suffered  by  this  practice, 
as  compared  with  using  an  average  quality  machined  surface.  At  the  same  time, 
the  opportunity  was  taken  to  investigate  the  effect  of  chamfering  the  edges  of 
the  bolt  holes  on  both  sides  of  the  plate. 

2. NOTATION  (Units  are  in  lb  and  inches  throughout) 

The  following  notation  is  taken  from  the  Stage  1 Report,  and  is  applicable  to 
the  present  tests. 


d 

D 


f 

P 

K[ 

N 

S 

m 

S 

a 

t 


3. 


--  Nominal  diameter  of  hole  and  pin 
= Width  of  parallel  section  of  the  test  specimen 
= Average  tensile  strength  of  plate  material  (from  tests) 

Average  0.2°/o  proof  stress  of  plate  material  (from  tests) 
= Geometric  stress  concentration  factor  based  on  net  area  of 
cross  section  of  test  specimen 
= Endurance 

= Mean  stress  on  net  area 

= Alternating  stress  on  net  area  associated  with  S 

m 

= Thickness  ot  plate  specimen 
TEST  PROGRAMME  AND  STRESS  LEVELS 


The  original 
the  specimens 
Unfortunate ly 
inconclusive , 


plan  was  to  carry  out  tests  on  push  fit  specimens  in  which  half  of 
would  have  unloaded  pins  and  half  would  have  loaded  pins, 
the  results  of  the  tests  on  the  unloaded  pin  specimens  were 
and  therefore  they  are  not  included  in  this  report. 
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i.  1 Loaded  Pin  Specimens 

These  tests  were  carried  out  by  Messrs  Short  Brothers  and  Hariand  Ltd  of  Belfast. 
Two  levels  of  mean  stress  were  included  and  for  each  of  these,  two  levels  of 
alternating  stress  were  chosen,  one  comparatively  high  and  one  comparatively  low. 
Moreover,  four  nominally  identical  specimens  were  provided  for  each  level  of 
stress. 

The  programme  was  repeated  to  include  four  different  standards  of  preparation, 

name ly : 

(i)  the  surfaces  "as  rolled" 

(ii)  the  surfaces  machined  to  a depth  of  0.015  in  on  both  faces 

(iii)  the  surfaces  "as  rolled"  and  the  edges  of  the  holes  on  both  sides 

chamfered  at  45°  to  a depth  of  0.015  in 

(iv)  the  surfaces  machined  to  a depth  of  0.015  in  on  both  faces  and 
the  edges  of  the  holes  on  both  sides  chamfered  at  45°  to  a 
depth  of  0,015  in. 

When  examined  by  the  testing  laboratory  it  was  found  that  some  specimens 
possessed  an  eccentricity  of  load  line  within  the  plane  of  the  specimen  of 
amounts  up  to  0.007  in  measured  at  mid  length.  From  a consideration  of  the  effect 
on  life  of  the  bending  stresses  thus  incurred  it  was  agreed  to  accept  specimens 
with  an  eccentricity  of  not  more  than  0.002  in.  Another  defect  which  occurred 
was  that  of  a slight  degree  of  bowing  out  of  the  plane  of  the  specimen,  up  to 
0.017  in.  It  was  decided  to  accept  a maximum  bow  of  0.010  in.  These  two 
defects  led  to  a reduction  in  the  number  of  specimens  tested  from  64  to  51. 

Table  1 gives  details  of  the  test  schedule,  and 
Figure  1 gives  details  of  the  test  specimens. 


1. 2 Testing 

I 

Oreat  care  was  exercised,  both  in  the  initial  set-up  of  the  machine,  and  in  the 
subsequent  installation  of  each  specimen,  to  ensure  axiality  of  loading  and  to 
* avoid  rotational  misalignment  of  the  specimens.  Specimens  requiring  the  same 

dynamic  load  were  tested  consecutively  where  possible,  in  order  to  reduce 
scatter  within  groups. 

Temporary  protection  of  the  specimens  during  testing  was  accomplished  by  the 
application  of  lanolin  grease  as  in  the  Stage  1 tests. 

_4j RESULTS 

These  are  presented  in  Tables  2 (i)  to  2 (iv)  and  on  Figures  2 to  5.  Figure  2 

also  contains  the  endurance  curves  for  S /f  = 0.25  and  0.15  for  the  same 

m t 

configurations  in  the  Stage  1 tests  (Figure  C.ll). 


In  order  to  assess  the  relative  merits  of  the  four  standards  of  preparation, 
the  curves  of  Figures  2 to  5 are  re-presented  in  summary  form  on  Figures  6 to  7. 

Figure  6 covers  the  four  standards  of  preparation  for  a mean  stress  of  0.25  ft 
and  Figure  7 covers  those  for  a mean  stress  of  0.15  ft.  The  appropriate  Stage  1 
curves  for  the  "as  rolled"  condition  are  also  shown  on  these  two  figures. 

_5^ DISCUSSION  OF  RESULTS  (See  Table  2 and  Figures  2 to  7) 

Despite  the  limitation  of  only  two  levels  of  alternating  stress  and  the 
rejection  of  a few  of  the  specimens  provided,  the  results  are  consistent  at  a 
given  stress  level,  and  in  fair  agreement  with  the  "as  rolled"  endurance  curves 
of  Stage  1. 

On  the  basis  of  the  limited  data  there  is  generally  slightly  more  gain  in 
endurance  for  surface  machning  than  for  hole  edge  chamfering.  In  fact  for 
these  tests,  the  hole  edge  chamfering  alone  did  not  produce  any  significant 
increase  in  endurance.  Nevertheless,  it  is  clear  that  the  differences  between 
the  endurance  curves  for  the  four  standards  of  preparation  are  only  marginal 
and,  within  the  limits  of  the  test  coverage,  no  more  than  the  general  order  of 
scatter  of  fatigue  results. 

6_. METALLURGICAL  EXAMINATION  OF  THE  "AS  ROLLED"  SURFACE 

It  had  been  observed  that  there  was  some  corrosion  on  the  surfaces  of  the  "as 
rolled"  specimens.  One  typical  example  was  selected,  namely  5.8.D.  Samples  of 
the  surface  and  a transverse  section  through  the  cracked  joint  plate  were 
extracted  as  indicated  in  Figure  8 and  prepared  for  micro-examination  as  below. 

6.1  Surface  Sample  1 and  Transverse  Micro-section 

These  were  polished  on  a rotating  pad  with  a slurry  of  Y-alumina  for  two  minutes 
followed  by  a light  polish  on  a selvyt  cloth  with  brasso.  No  change  in 
thickness  of  the  specimen  could  be  detected  with  a vernier  micrometer  after 
this  surface  preparation. 

Subsequent  micro-examination  revealed  three  features  of  the  "as  rolled"  surface 
which  would  be  absent  from  the  "as  machined"  surfaces,  namely: 

(a)  embedded  surface  particles 

(b)  heavy  surface  oxidation 

(c)  Incipient  corrosive  attack  in  both  pitting  and  intercrystalline  forms. 


These  features  are  shown  on  Figures  9 and  10,  The  maximum  depth  of 
intercrystalline  attack  exhibited  by  the  transverse  section  was  0,0015  in. 
Such  attack  was  very  infrequent  and  the  pitting  was  of  negligible  depth. 


(iii)  Comparisons  between  the  "as  rolled"  condition  of  these  tests  and  the 
corresponding  results  from  the  Stage  1 tests  were  fairly  good. 

(iv)  The  "as  rolled"  surfaces  displayed  shallow  intercrystalline  corrosion 
and  some  embedded  particles,  and  had  a surface  roughness  of  5 to  15 
micro-inches  CLA.  The  surfaces  of  the  machined  specimens  were  free  from 
corrosive  attack  at  the  critical  areas,  and  gave  a comparable  surface  roughness 
in  the  longitudinal  direction,  which  included  some  machine  chatter  in  the 
transverse  direction.  There  was  no  indication  that  this  machine  chatter  had  any 
adverse  effect  upon  crack  initiation.  Furthermore,  there  was  no  evidence  that 
the  surface  corrosion  on  the  "as  rolled"  specimens  had  influenced  significantly 
the  fracture  mechanism,  since  crack  initiation  frequently  occurred  within  the 
bores  of  the  holes. 

With  only  one  exception  all  specimens  failed  with  cracks  on  both  sides 
of  the  hole  in  the  region  of  a transverse  diameter,  which  was  the  location  of 
maximum  fretting.  These  cracks  displayed  multi-initiation  in  most  cases,  with 
crack  initiation  at  the  hole  edges  and/or  in  the  bore  of  the  bolt  holes.  There 
were  also  secondary  cracks,  some  of  which  joined  the  primary  cracks  leading  to 
stepped  fractures. 

(vi)  The  surface  machining  produced  some  bowing  of  the  joint  plates 

indicating  the  presence  of  residual  stresses  in  the  surface  layers.  Again, 
some  specimens  exhibited  slight  load  line  eccentricity.  The  worst  examples  of 
these  two  defects  were  rejected. 

(vii)  This  investigation  was  somewhat  limited  in  scope  and  it  is  possible 
that  if  extended  there  would  have  been  more  definite  evidence  of  some  of  the 
trends  described  herein.  It  should  not  be  assumed  that  the  effect  of 
machining  the  surface  of  a specimen  with  or  without  a stress  raiser,  but 
without  a bolt  hole,  would  be  the  same  as  appears  to  be  in  the  present  specimens. 


SUPPLEMENTARY  INVESTIGATION  No. 5 


132 

TABLE  I SCHEDULE  OF  TESTS  - LOADED  PIN  SPECIMENS 
All  Specimens  were  of  the  large  size  (See  Figure  1) 

Four  standards  of  preparation  were  included  in  the  tests  which  were  as  follows: 

(i)  Mo  special  preparation,  i.e,  "as  rolled", 

(ii)  0,015  in  machined  from  both  faces. 

(iii)  Edges  of  bolt  holes  on  both  sides  chamfered  at  45°  to  a depth 
of  0.015  in,  the  surfaces  being  "as  rolled". 

(iv)  Specimen  machined  to  depth  of  0.015  in  on  both  faces  and  hole 
edges  chamfered  at  45°  to  a depth  of  0.015  in. 

The  specimen  type,  stress  levels  and  numbers  of  specimens  provided  at  each 
stress  level,  applicable  to  each  standard  of  preparation  are  given  below: 


Specimen 

Type 

Mean  Stress 

<S  /f  ) 
m t 

Alternating 

Stress 

<±Vft> 

Number  of  Specimens 
tested  per  Standard  of 
Preparation 

l.D.3/4 

0.25 

0.15 

4 

Push  Fit 

0.25 

0.10 

4 

Pin 

0.15 

0.125 

4 

Loaded 

0. 15 

0.075 

4 

NOTE 

2 

ft  = Maximum  Tensile  Stress  of  plate  = 69  400  lb/in 

Tested  by  Short  Brothers  and  Harland  Ltd,  in  a 20- ton  Avery-Schenck 
Machine,  frequency  1800  c.p.m. 


A 


7T 
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I'ABLE  2 RESULTS  Reference  Figures  2,  3,  4 and  5 

Specimen  Type  l.D.3/4,  d/D  = 3/8,  Push  Fit,  Pin  Loaded,  K/  = 2.72 
(i)  o special  preparation  i.e.  "As  Rolled" 

Loads  to  insert  pins  ranged  from  85  to  833  lb  (generally  100-400  lb) 


Stress  Levels 
Specimen  Percentage  ft* 

Identity  ~ fTs 

m I — a 


5.2. C 

3.3. D  25  15 

3. 13. A 


5. 3. B 
5.2.E 

4.4. B 


6, 6 ,A 
6. 7. A 
6.5.B 
4.10.E 


6.2.C 

5.8. D+ 

6.8. C 


Cycles 


26  900 

22  700 
18  100 
15  700 


51  200 
50  500 
43  400 
42  400 


72  200 
50  100 
43  600 
39  600 


221  400 
141  300 
115  200 


Endurance 


Logarithm 
Cyc  les 


Geometric 
Mean  Cycles 


4.857 

4.700 

4.639 

4.597 


5.344 

5.149 

5.060 


20 

410 

46 

700 

50 

000 

153 

300 

l 

(ii)  Surface  machined 

Loads  to  insert  pins  ranged  from  40  to  530  lb  (generally  55  to  250  lb) 


Endurance 


Specimen 

Identity 


4.4.C 
3. 12. A 


4.5. C 

6 . 6 . B 


3.1 

3.2 
4.4 


4. 13. A 
4. 11. A 


( . (continued) 

f = Maximum  Tensile  Stress  = 69  400  lb/in 

+ Subjected  to  metallurgical  examination  (see  paragraph  6,0) 


Cyc 

: les 

38 

100 

37 

900 

80 

000 

60 

600 

66 

100 

59 

900 

58 

200 

132 

000 

105 

400 

37 

950 

69 

630 

61 

310 

118 

400 
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TABLE  2 (Continued) 


I 

i 


(iii)  Hole  edges  chamfered  (Surfaces  "as  rolled") 

Loads  to  insert  pins  ranged  from  107  to  408  (generally  150  to  220  lb) 


( iv)  Surfaces  machined  and  Hole  Edges  Chamfered. 

Loads  to  insert  pins  ranged  from  63  to  432  lb  (generally  70  to  180) 


Specimen 

Identity 

Stress  Levels 

K 

Percentage  ft 

Endurance 

Cycles 

Logarithm 

Cycles 

s 

m 

EH 

3.2.C 

42  400 

4.626 

4.6.D 

25 

15 

33  400 

4.522 

33  100 

3.9.D 

25  600 

4.408 

mmwm 

6 7 700 

4.825 

25 

10 

66  300 

4.820 

64  180 

WEnEEM 

58  900 

4.  770 

4.13.B 

64  300 

4.808 

6.13.B 

15 

12.5 

61  500 

4.788 

bO  390 

4 . 14. C 

55  700 

4.745 

wgwwm 

MTlm 

178  800 

5.252 

15 

H 

170  900 

5.232 

174  800 

2 

f(  = Maximum  Tensile  Stress  = 69  400  lb/in 
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Fig. 10  Surface  oxide  film  and  intercrystalline  corrosion  on 
Specimen  5.8. D X125 


Fig. 11  Surface  appearance  (X725)  after  light  surface 


abrasion  prior  to  oliohing.  Remnants  of  surface 
oxide  and  intercrystalline  corrosion  (unotched) 
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Till-.  1 N ! 1 l KNCE  01  SMALL  VARIATIONS  IN  PIN  FIT 
I . INTRODUCTION 


Early  in  the  progress  of  the  Stage  1 tests  there  was  some  indication  that  smalL 
variations  in  the  degree  of  fit  of  a "push  fit"  pin  might  produce  significant 
changes  in  endurance.  Consequently  a small  programme  of  tests  was  arranged, 
employing  small  specimens  of  the  4. C. 9/32  type  with  a push  fit  pin  and  the  pin 
unloaded.  All  the  specimens  were  tested  in  fatigue  at  a common  stress  level. 

The  pins  were  manufactured  to  within  0.0001  in  of  the  nominal  diameter.  The  holes 
in  the  plates  were  reamed  to  the  "push  fit"  requirements  of  this  research 
programme,  namely  to  jH),0003  in  of  the  nominal  diameter.  Subsequently  considerable 
efforts  were  made  to  determine  the  actual  hole  diameters  of  all  the  specimens  to 
an  accuracy  of  0.00U01  in  or  0,1  x 10  in.  These  measured  variations  in  pin  fit 
were  then  considered  in  relation  to  the  resu’ting  endurances  under  the  common 
fatigue  loading. 


2 . NOTATION  (Units  are  in  lb  and  inches  throughout) 


Tor 


d 

I) 

f 

t 

f 

P 

K' 

t 


S 

m 

S 

a 

I 


convenience  the  relevant  Notation  from  the  Stage  1 report  is  repeated 

= Nominal  Diameter  of  hole  and  pin 
= Width  of  parallel  section  of  test  specimen 
= Average  Tensile  Strength  of  plate  material  (from  tests) 

= Average  0.2°/o  Proof  Stress  of  plate  material  (from  tests) 

= Geometric  Stress  Concentration  factor  based  on  net  area 
of  cross  section  of  test  specimen 
- Endurance 

= Mean  Stress  on  net  area 

= Alternating  Stress  on  net  area  associated  with  S 

m 

= Thickness  of  plate  specimen. 


be  1 ow : 
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_3. TEST  PROGRAMME  AND  STRESS  LEVEL 

As  already  indicated  only  one  type  of  specimen  was  employed  namely  Type  4.C.9/32. 

This  was  the  small  sii:e  specimen  of  Stage  1 with  a nominal  push  fit  pin,  the 
pin  unloaded-  d/D  = 3/8  and  = 2.28. 

Figure  1 gives  details  of  the  specimen. 

Total  number  of  specimens  tested  = 50.  , 

Common  Stress  Level:  0.50  f^  +0,10  f^. 

■*. MEASUREMENT  OF  THE  DEGREE  OF  FIT 

The  pins  were  supplied  to  an  accuracy  of  +0.0001  in  on  the  nominal  diameter. 

The  measurement  of  the  hole  diameters  to  the  accuracy  required,  using 

conventional  methods,  proved  to  be  very  difficult  and  the  testing  laboratory 
(Tiltman  Langley  Ltd,  Redhill!1,  devised  an  alternative  method,  using  a comparator 
to  measure  the  variation  in  height  of  a pyramid  of  four  1/8  in  diameter  hard 
steel  balls,  resting  on  a surface  plate,  and  arranged  within  the  specimen  hole. 

Figure  2 illustrates  the  arrangement. 

In  practice  it  was  found  convenient  to  attach  the  upper  steel  ball  of  the 
pyramid  to  the  stem  of  the  comparator  which  was  spring  loaded,  thus 

centralising  the  upper  ball  among  the  other  three.  The  true  diameter  of  the 

hole  could  then  be  calculated  from  the  diameters  of  the  balls  and  the  height 
of  the  centre  of  the  upper  ball  from  the  centres  of  the  lower  balls.  Such  a 
calculation  would  require  very  accurate  measurement  of  the  diameters  of  the 
steel  balls,  but  preliminary  tests  indicated  that  by  using  the  same  four  balls 
in  the  same  relative  positions,  one  could  obtain  sufficiently  accurate  records 
of  the  positive  and  negative  deviations  of  the  comparator  height  from  a 
selected  standard,  and  since  the  nominal  diameter  of  the  hole  was  known  to  be 
within  the  required  tolerance  this  was  considered  to  offer  an  acceptable 
compromise.  The  relation  between  comparator  height  and  diameter  of  hole  was 
not  linear  but  nearly  so  and  an  approximate  estimate  gave  the  change  in  height 
to  be  1.3  times  the  change  in  diameter.  The  selected  standard  was  not  entirel-. 
arbitrary,  since  it  was  chosen  as  the  median  of  seven  arbitrarily  selected 
samples.  The  comparator  reading  was  accurate  to  _*p.0001  in. 

Measurements  taken  in  this  way  were  effectively  the  mean  of  three  diameters  at 
120°  to  each  other  so  that  the  differences  between  diameters  according  to  the 
orientation  of  the  specimen  were  minimal;  but  it  was  possible  to  detect  a 
maximum  and  a minimum  by  rotating  the  triangle  of  balls  in  the  hole.  Both 
longitudinal  and  transverse  readings  were  recorded  and  the  mean  calculated.  It 
was  not  possible  from  the  position  of  the  balls  to  determine  the  direction  of 
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the  maximum  diameter,  but  other  measurements  indicated  that  this  was  in  the 
longitudinal  direction  of  the  specimen. 

The  measurements  recorded  were  of  course  at  the  point  of  contact  of  the  balls 
with  the  wall  of  the  hole,  i.e.  at  about  0.03  in  from  one  surface.  By 
inserting  floors  of  various  thicknesses  to  carry  the  balls,  (and  by  reversing 
the  plates)  it  was  found  that  the  walls  were  sensibly  parallel,  except  that  all 
the  specimens  had  an  irregular  lip  at  the  surface,  which  was  removed. 

The  laboratory  and  the  specimens  were  kept  at  60°+5°F  during  the  tests. 

Furthermore,  in  order  to  ensure  freedom  from  dust,  the  holes  and  balls  were  washed 
with  trichloroethylene  and  the  balls  handled  with  forceps. 

Figure  3 presents  the  results  of  these  measurements  in  the  form  of  a histogram, 
both  in  terms  of  change  of  comparator  height  and  of  change  of  diameter  of  hole. 

J_. RESULTS  OF  ENDURANCE  TESTS 

These  are  presented  in  Table  1,  which  gives  specimen  identity,  comparator  height 
reading  relative  to  arbitrarily  selected  "standard"  value,  corresponding  deviation 
from  "standard"  diameter  of  hole,  subsequent  endurances  achieved  and  group 
designation  (see  below).  The  sign  convention  chosen  is  such  that  for  the 
variation  of  diameter,  positive  deviations  indicate  an  increase  of  diameter  of  the 
hole  relative  to  the  standard,  and  negative  deviations , a decrease.  The  reverse 
is  true  for  the  height  readings. 

Figure  4 presents  the  same  results  in  graphical  form,  the  endurances  being 
plotted  horizontally  on  a log  scale,  against  deviation  from  standard  comparator 
height  (left-hand  vertical  scale)  and  against  deviation  from  standard  hole 
diameter  (right-hand  vertical  scale). 

This  plot  of  results  shows  that  the  majority  of  values  lie  in  a central  group  ("B")  , 
but  three  values  lie  well  below  the  central  group  of  endurances,  while  nine 
values  lie  well  above  (designated  groups  "A"  and  "C"  respectively). 

5.1  Group  "B" 

Considering  first  the  central  group,  the  scatter  of  endurance  does  not  appear  to 
be  directly  related  to  the  magnitude  of  the  deviation  from  the  selected 
standard.  However,  a mean  line  has  been  drawn  through  the  points,  which  shows  a 
small,  but  significant  trend  towards  an  increase  of  endurance  as  the  diameter  of 
the  hole  decreases. 

For  comparison,  the  endurances  for  the  Stage  1 results  for  this  configuration, 
and  at  the  same  stress  level  as  the  present  investigation,  are  plotted  just  above 
the  graph  of  Figure  4 (Stage  1,  Figure  C.44).  It  will  be  seen  that  the 
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scatter  of  endurances  for  Stage  l is  approximately  the  same  as  that  for  group 
"B"  as  a whole,  whilst  thr  possible  range  of  deviation  of  hole  diameter  in 
Stage  1 was  t'ixlO  ins  as  compared  with  the  present  total  range  of  4x10  ins. 

It  would  appeal  1 u n fo  c , that  the  scatter  of  endurance  for  this  present 
investigation  is  of  the  same  order  as  that  for  a larger  number  of  results  taken 
from  stage  I L>  st>  u i th  approximately  one  and  a half  times  the  range  of 
deviation  of  rmle  diameter. 

'i . I 0 roups  "A"  and 

Clearly  the  nui  Si  t >f  results  in  each  of  these  two  groups  is  too  small  and  thei 
scatter  too  git  at.  to  enablt  them  to  be  considered  in  the  same  way  as  group  "B" 
However,  this  still  Itaves  tin  question,  - why  are  these  results  significantly 
out  of  lint  it!  tin  itnloil  group.'  A number  of  possible  reasons  have  been 
ixpl  '.-{’I.  and  '''if  , : i • t d in  the  following  sub-paragraphs. 

; , i .on  — iioinogt  m i Ly  of  Material 

All  tht  specinif  ns  we  t take ' t or  nt  sheet.  No.  17,  of  the  original  45  to  50 
sheets  of  Stage  all  f rm  < tilt.  This  leaves  the  possibility  of 

variati  >n  of  mal  ' dm  1 . , - - i t i on  of  specimen  within  the  sheet.  Figure  5 

shows  tiit  positions  of  thr  '.pt  , imens  from  each  of  the  three  groups,  and 

further  sub-di  ides  group  "B"  into  approximately  three  numerically  equal  sub- 
groups of  low.  medium  and  high  endu  ance  within  the  "B"  range. 

A study  of  ri,.ur<  ■ shows  that  the  three  group  "A"  specimens  lie  in  a diagonal 
line  across  the  lower  half  of  tht  sheet  (as  drawn)  whilst  the  somewhat 
larger  numbt  , o f group  specimens  lie  generally  scattered  about  the  upper 

half  of  the  sheet,  but  not  in  any  particular  pattern. 

The  distribution  of  the  "B"  group  suggests  that  there  are  areas  of  high 
enduranct  within  the  group  (e.g.  a considerable  number  of  B or  Bc  in  the 
lower  third  of  the  sheet).  On  the  other  hand  there  are  B^  and  Bc  specimens 

adjacent  to  one  anothe  in  I tie  central  region  of  the  sheet,  and  indeed  to  some 

extent  in  the  upper  third  of  the  sheet. 

Thus  non-homogeneity  could  account  for  some  of  the  divergence  of  endurances, 
but  there  was  no  evidence  to  support  this  in  the  Stage  1 comparisons 
(Section  4 paragraph  4.5). 

5 . 4 Variation  of  Fin  Size 

It  has  already  been  stated  that  th,  pins  were  manufactured  to  within  +0,0001  in 
of  the  nominal  diameter.  Subsequently  a sample  of  the  pins  was  measured 
accurately,  and  found  to  be  within  _H), 00005  in.  Variations  of  this  order  could 
account  for  some  of  the  scatter  within  the  "B"  group,  but  from  an 
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extrapolation  of  the  mean  line  for  the  "B"  group  it  is  estimated  that  a 
variation  of  _tp,00l  in  would  be  required  to  account  for  the  differences  between 
the  "B"  group  and  either  of  the  "A"  or  "C"  groups. 

5 , 5 Variations  in  Preparation  of  the  Specimens 

Two  of  the  three  specimens  which  gave  very  low  endurances  were  found  to  be  badly 
burred  along  the  edges,  but  several  of  the  specimens  which  achieved  much  higher 
endurances  were  also  burred. 

5 , b Variation  in  Atmospheric  Conditions  in  the  Laboratory 

This  feature  was  considered  initially  in  the  analysis,  but  apart  from  the 
special  care  taken,  as  described  in  paragraph  4,  the  distribution  of  the  results 
with  respect  to  time  was  checked  and  did  not  bear  any  relationship  to  the 
distribution  of  endurances. 

5 . 7  Variation  between  Testing  Machine  used 

Several  testing  machines  of  the  same  type  and  loading  capacity  were  used  for 
this  investigation,  but  there  was  no  co-relation  between  these  machines  and  the 
extremes  of  endurance. 

5.8  Possibility  of  a Discontinuous  S-N  Curve  for  the  Material 

Supplementary  Inves tiga tion  No, 9 has  shown  that  it  is  possible  to  find 
that  at  low  values  of  S^/ft  there  is  a discontinuity  in  the  slope  of  the 
endurance  curve.  (See  Figures  5a,  7a,  8a  and  10a  of  that  report).  These 
discontinuities  occurred  at  values  of  S jf  in  the  range  0.045  to  0.095 

i at 

whereas  the  present  tests  were  at  an  alternating  stress  level  of  0.10  f^- . Such 
discontinuities  are  believed  to  occur  as  a result  of  two  different  mechanisms  of 
fatigue,  one  of  which  becomes  ineffective  in  promoting  failure  at  stress  levels 
below  a critical  value,  so  that  failure  below  the  critical  stress  level  occurs 
by  the  second  mechanism.  It  is  possible  that  this  feature  could  account  for 
some  of  the  anomolies  of  groups  "A"  and  "C",  in  relation  to  group  "B". 

b. EXAMINATION  OF  A NUMBER  OF  FAILED  SPECIMENS 

The  rather  inconclusive  result  of  the  preceding  discussions  led  quite  logically 
to  a detailed  examination  of  the  nature  of  the  failures  of  a selected  number  of 
specimens.  This  examination  was  made  by  the  Structures  Fatigue  Laboratory  of 
the  Royal  Aircraft  Establishment  at  Farnborough,  Hants.  Their  examination  and 
subsequent  report  were  made  without  prior  knowledge  of  the  endurance  achieved. 
These  endurances  have  been  added  later  to  the  summary  table  which  follows. 

Thirteen  specimens  were  examined,  numbered  as  follows,  all  with  the  prefix  17, 
denoting  the  sheet  number: 

18D,  18F , !9a,  191,  20E , 2 lE , 22H,  23C,  23E,  231,  24D,  24F  and  24H. 
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Reference  to  Figure  5 will  indicate  the  location  of  these  specimens  within  the 


I 

) 


shee  t . 

Of  these  specimens  - 
24F  was  unbroken 

22H  had  failed  away  from  the  hole  from  a fatigue  crack  at  one  edge  and  the 
wedge  grip  marks  suggested  that  the  axis  of  load  was  displaced  towards  this 
edge . 

The  remaining  specimens  in  which  failure  was  from  the  central  hole  can  be 
placed  in  one  of  the  following  three  categories  (See  Figure  6). 

(a)  One  principal  fatigue  crack  from  line  of  fretting. 

This  failure  can  be  regarded  as  normal,  and  occurred  consistently  in  8 
specimens.  Bearing  between  the  pin  and  the  bore  of  the  hole  was  apparent  over 
an  arc  of  about  60°  on  each  side  of  the  hole  as  indicated  in  Figure  6a.  At 
the  edges  of  these  bearing  areas  (A-B,  and  C-D) , the  movement  between  the  pin 
and  the  bore,  produced  lines  of  fretting  damage  in  the  bore,  and  the  principal 
fatigue  crack  emanated  from  one  of  these  lines.  In  some  cases  a small  secondary 
crack  had  developed  at  a fretting  line  on  the  opposite  side  of  the  hole. 

(b)  Symmetrical  fatigue  cracking  on  each  side  of  hole,  from  lines 
of  fretting  at  the  edge  of  the  bearing  area. 

This  type  of  failure  was  found  on  only  one  specimen  (231),  and  the  fatigue 
cracks  emanated  from  the  edge  of  the  fretted  area  in  the  bore  (See  Figure  6b). 
There  were  circumferential  marks  in  the  bore  and  this  feature  together  with 
the  symmetrical  fatigue  cracking  suggest  a low  fatigue  endurance.  (It  was  in 
fact  among  the  lowest  endurances  of  group  "B") . 

(c)  Fatigue  cracks  from  the  centre  line  on  both  sides. 

There  were  two  specimens  which  failed  in  this  manner  (See  Figure  6c)  and  the 
origins  of  the  crack  were  not  influenced  by  fretting,  which  was  either  slight 
or  negligible.  These  were  the  only  specimens  in  which  the  fractured  surfaces 
were  damaged  by  impact  of  the  failure. 
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Summarising  this  examination,  and  adding  the  appropriate  endurances  and  associated 
group  letters,  we  have: 


Specimen 

Description  of  Failure 

Group 

Endurance 

(Cycles) 

r 

'igure 

Identity 

Number 

17.24. F 

Unbroken 

C 

10  000  000 

- 

17.22.11 

Failed  at  edge,  away  from 
hole  due  to  off  centre 
load ing 

B 

960  000 

17.18.D 

C 

4 200  OOO 

17.18.F 

17.20.F. 

_ One  fatigue  crack  from  line 
of  fretting 

A 

C 

98  000 

4 200  000 

- 6a 

1 7.24.11 

A 

580  000 

- 

17. 19. A 

” 

One  fatigue  crack  from  line 

B 

730  000 

- 

1 7.21.E 

B 

780  000 

1 7 . 2 3 . E 

" of  fretting,  plus  small 

B 

720  000 

- 6a 

17.24.D 

secondary  crack  on  opposite 
side  of  hole 

C 

4 200  000 

17.23.1 

Symmetrical  fatigue  crack  on 
each  side  of  hole,  from  edge 
of  fretted  area.  Poor  finish 
in  bore. 

B 

540  000 

6b 

17.19.1 

Fatigue  cracks  from  centre 

B 

890  000 

*■ 

- 6c 

17.23.C 

- 

line  on  both  sides,  not 
influenced  by  fretting. 

B 

420  000 

A study  of  this  table  shows  that  there  is  no  relationship  between  endurance  and 
type  of  failure. t 

_7_, CONCLUSIONS 

(i)  In  a limited  attempt  to  investigate  the  effect  on  endurance  of  small 

variations  of  pin  fit  a discontinuous  distribution  of  endurance  was  obtained, 

leading  to  three  separate  groups  of  results.  Notwithstanding  this  feature,  ?t>°/o 

of  the  results  lay  in  a central  group  and  a mean  line  through  this  group  showed  a 

small  but  significant  increase  in  endurance  as  the  degree  of  fit  improved,  i.e. 

as  the  diameter  of  the  hole  decreased. ✓''This  effect  is  not  of  great  importance 

because  the  scatter  of  results  about  tne  n^an  is  of  the  same  order  as  the  general 

scatter  of  corresponding  results  of  Stage  1 teXs  (see  Figure  C.44  of  Stage  1), 

-4 

which  were  for  a range  of  deviation  of  hole  diameteY.  of  _+3xl0  ins.  from  the 

— 

nominal  compared  with  the  present  total  range  of  4x10  ins. 

(ii)  One  probable  cause  of  the  discontinuity  of  distribution  of  results  in 
respect  of  endurance  is  the  non- homogene i ty  of  the  material  within  the  particular 
sheet  used,  with  patches  of  material  a few  inches  across  giving  consistently 

high  or  consistently  low  endurance.  This  variation  in  material  quality  was  not 
found  in  the  Stage  1 tests. 
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(iii)  It  is  known  that  some  materials,  including  B.S.  L71  Aluminium  Alloy 
from  which  these  specimens  were  made,  exhibit  a discontinuity  in  the  endurance 
curve  in  the  form  of  a sudden  change  of  slope  of  the  curve  at  a relatively 

» 

low  alternating  stress  level.  Such  a discontinuity  is  believed  to  be  due  to 
two  different  mechanisms  of  fatigue,  one  of  which  becomes  ineffective  in 
promoting  failure  at  alternating  stress  levels  below  a critical  value.  This 
feature  could  have  had  some  influence  upon  the  results  of  this  test  programme, 
since  the  test  alternating  stress  was  approximately  of  the  order  of  this 
critical  level. 

(iv)  Other  possible  causes  of  the  discontinuities  observed  were  studied; 
name ly : 

(a)  Range  of  pin  size  used. 

(b)  Variation  in  standard  of  preparation  of  specimen. 

(c)  Atmospheric  conditions  in  the  laboratory. 

(d)  Variation  between  testing  machines  used. 

- but  none  was  considered  to  have  had  any  effect  upon  the  results  obtained. 

(v)  An  examination  of  a selected  number  of  failed  specimens  showed  no 
relationship  between  endurance  and  nature  of  failure.  )0°/o  of  the  failures 
examined  were  very  similar  in  form,  but  included  some  of  the  greatest  and  some 
of  the  least  of  the  endurances  achieved. 

(vi)  In  retrospect,  it  is  thought  that  the  conclusions  might  have  been 
more  decisive  if  this  investigation  had  included  some  of  the  large  size 
specimens  as  well  as  some  of  the  small  size.  Furthermore  a second  (lower) 
value  of  mean  stress  would  have  helped,  together  with  a range  of  alternating 
stresses,  but  this  would  have  required  more  specimens  than  were  available  and 
a much  longer  time  to  complete  the  testing. 
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Spec  iraeh 
Identi ty 

Deviation  from 
"standard" 
comparator  height 
( ins-"1)* 

Deviation  from 
"standard" 

Hole  diameter 
( ins-^)^ 

Endurance 

(Cycles) 

Group 

1 7.21 . B 

-3.50 

2.7 

4 OOO  OOO 

17.21.C 

-3.  50 

2.7 

480  OOO 

17.18.D 

-3.25 

2.5 

4 200  OOO 

17.19.J 

-3.25 

2.5 

500  OOO 

B 

17.24.H 

-3.25 

2.5 

80  OOO 

A 

17.23.H 

-3.00 

2.3 

620  OOO 

B 

17.21.D 

-3.00 

2.3 

480  OOO 

B 

17.20.F 

-3,00 

2.3 

620  OOO 

B 

17.22.J 

-2.75 

2.1 

580  OOO 

B 

17.22.D 

-2.75 

2.1 

470  OOO 

B 

17.17.1 

-2.75 

2.1 

500  OOO 

B 

17. 23. A 

-2.75 

2.1 

530  OOO 

B 

1 7,24. E 

-2.50 

1.9 

1 OOO  OOO 

B 

17. 22. A 

-2.50 

1.9 

460  OOO 

B 

17.22.C 

-2.2  5 

1.7 

290  OOO 

B 

17.24.G 

-2.25 

1.7 

310  OOO 

B 

17.20.G 

-2.25 

1.7 

48  OOO 

A 

17. 21. A 

-2.00 

1.5 

510  OOO 

B 

17.23.1 

-1 . 75 

1 . 3 

540  OOO 

B 

17.24.F 

-1.  75 

1.3 

10  OOO  OOOU 

C 

17. 19. G 

-1.75 

1.3 

410  OOO 

B 

17.18.C 

-1.75 

1.3 

550  OOO 

8 

17. 18. F 

-1.50 

1.2 

98  OOO 

A 

17.19.1 

-1.50 

1.2 

890  OOO 

B 

17.23.B 

-1.00 

0.8 

800  OOO 

B 

17.24.D 

-1.00 

0.8 

4 200  OOO 

C 

n.24. 

-1.00 

0.8 

630  OOO 

B 

17.18.E 


-1.00 


0.8 


5 800  000 
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TABLE  1 (Continued) 


Specimen 
Identi ty 

Deviation  from 
"standard" 
comparator  height 
(ins-4)* 

Deviation  from 
"standard" 

Hole  diameter 
( ins_/))  i 

Endurance 

(Cycles) 

Group 

17.20.E 

-0.75 

0.6 

4 200  000 

C 

17.21.E 

-0.50 

0.4 

780  000 

B 

17.22.B 

-0.50 

0.4 

910  000 

B 

17.20.B 

-0.25 

0.2 

5 000  000 

C 

17.22.G 

-0.25 

0.2 

420  000 

B 

17.2  3. C 

-0.25 

0.2 

420  000 

B 

17. 19. A 

0 

0 

730  000 

B 

17.21.J 

0 

0 

1 800  000 

B 

17.19. F 

0 

0 

680  000 

B 

17.19.B 

0 

0 

5 400  000 

C 

17.23.E 

0.25 

-0.2 

720  000 

B 

17.22.H 

0.50 

-0.4 

960  000 

B 

17.24.H 

0.50 

-0.4 

580  000 

B 

17.19.H 

0.75 

-0.6 

1 100  000 

B 

17.19.C 

0.75 

-0.6 

10  000  OOOU 

C 

17.17.J 

0.75 

-0.6 

1 500  000 

B 

17,24. J 

1.00 

-0.8 

870  000 

B 

17.23.D 

1.00 

-0.8 

920  000 

B 

17.22.E 

1.50 

-1.2 

800  000 

B 

17. 17, G 

1.50 

-1.2 

840  000 

B 

17.20.J 

2.00 

-1.5 

1 700  000 

B 

17.22. F 

2.00 

-1.5 

750  000 

B 

Quoted  to  nearest  0.25x10  ins.  - Arbitrarily  selected  standard" 
comparator  height  was  that  for  specimens  17. 19. A,  17.21.J, 

17.19.F  and  17.19.B. 

Quoted  to  nearest  0.1x10  ins.  - selected  "standard"  corresponds 
to  that  chosen  for  comparator  height 

Sign  Convention 


Negative  deviations  from  standard  comparator  height  both  denote  an 
Positive  deviations  from  standard  hole  diameter  'increase  in  hole 

-•  diameter. 
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Figure 
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FIGURE  5 LOCATION  OF  SPECIMENS  WITHIN  SHEET  No. 17 


Specimen  Identification 
Code 


17  18  19  20  21  22  23  24 


B • BA  ba  B 


C C c 


B c • B ba  ba 


G ba  \ \ 


B B B I C 


C B B B,  B 
c A A c 


BA  Bc  * BA  • C 


■H 


n 


B B 

c c 


I B . B 


inn 


B B 


Specimen  divided  into  3 Groups 

A,  B and  C,  according  to 

magnitude  of  endurance. 

Group  B is  furtner  divided 

into  three  sub-groups  B^,  B 

and  B . Tfius:- 
c 

"A"  - very  low  endurance 

(See  Figure  4) 

"8  " - Low  endurance  within 
A 

"B"  range  (lower  13 
results) 

"B"  - Medium  endurance 

within  "B"  range 
(middle  12  results) 

"Bc"  - High  endurance  within 
"B"  range  (upper  13 
results) 

C - Very  high  endurance 
(See  Figure  4) 


Some  doubt  on  specimen 
identity 
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